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1,0 SDBHAB^ 


The National Aeronautics and Space Adninlstcation was requested by the Energy 
Research and Developuent Administration and the Rational Science Foundation to 
conduct a study of advanced energy conversion systems. The Energy Conversion 
Alternatives Study (EGAS) is structured into two phases. Phase 1 is a 
parametric analysis of the conversion systems being investigated. The 
objective of this parametric analysis was to develop a base of performance and 
economic data that would define the potential for each system and from which 
the most promising systems could be selected for Phase 2. The system 
candidates evaluated were 

(1) Advanced steam 

(2) Open-cycle gas turbine 

{3) combined-cycle gas turbine/steam turbine 

{4) Closed-cycle gas turbine 

(5) Supercritical carbon dioxide cycle 

(6) Liquid- metal Rankine topping cycle 

(7) Open-cycle magnetohydrody nanic (NHD) 

(8) Clcsed-cycle, inert-gas HHD 

(9) Liquid-metal MHO 

(10) Fuel cells 

In Phase 2 conceptual designs of the selected systems will be made. These 
conceptual designs will provide a more detailed basis for cost and performance 
determination and sufficient detail of each powerplant to make an 
implementation assessment. 


The major Phase 1 technical effort was accomplished through two parallel 
contracts, with the support and assistance of an in-house NASA Lewis Research 
Center project team of technical specialists with expertise and experience in 
most of the conversion systems being evaluated. The parallel-contract 
approach was selected to involve major suppliers of electric utility equipment 
and subcontractors or corporate groups familiar with each system concept, as 
well as architect. -engineer firms. The primary contractors selected by a 
competitive procurement were the General Electric Company and the Nestlnghouse 
Electric Corporation. It was anticipated that each contract team would use 
somewhat different design approaches, which could lead to teal and valid 
differences in the results. Common ground rules were provided, and each 
contractor analyzed the systems at a comparable level of powerplant detail. 
This permitted the differences in design approach, philosophy, and technical 
assumptions to be isolated for review and comparison. 


Emphasis in Phase 1 was on estimating performance, capital cost, and cost of 
electricity of the various parametric points. This report summarizes the 
contractors* Phase 1 results, together with comparison and evaluation of 
results by the NASA Lewis technical review team. The contractor results are 
described in references 1 and 2. Further, sensitivity of the results to 
changes in economic ground rules Is presented. The ground- rule parameters 
varied were capital cost, fuel price, method of computing the cost of 
electricity, construction time, and interest and escalation rates. 



2.0 ISIfiODOCTICN 

by Robert P, Higra 

2.1 BACKGROUND 

The Energy Conversion Alternatives StU'ly, more eommonly called EGAS, was 
undertaken by NASA for the National Science Foundation (NSF) and the Energy 
Research and Development Administration (BRDA) . This study has as its primary 
goal the identification and comparison of national options for the future 
generation of electricity from coal and coal-derived fuels. It is a unrgue 
effort in that it combines the funds of three agencies, NSF, EFDA, and NASA; 
the Goooeration of the Department of the Interior and the Environmental 
Protection Agency (EPA) ; and the contracted expertise and experience of the 
Westinghouse Electric Corporation and the General Electric Company. Parallel 
studies and overall coordination are provided by NASA’s Levis Research Center. 

The objectives of EGAS are to provide information that will enable an 
impartial evaluation on a comparable basis of a variety of advanced base-load 
electric utility oowerplant concepts that use coal energy and to define the 
relative potential of these concepts for meeting future electrical generating 
needs of the Nation with acceptable impact to the environment. For each plant 
concept the study will provide estimates of the overall efficiency in 
converting coal and coal-derived fuels to electricity, powerplant capital 
costs, the cost of electricity, the environmental impact, and the resources 
and time required to bring the powerplant to commercial service. 

The Energy Conversion Alternatives Study arose from the need to place in 
perspective for the Federal Government planner the many kncwn advanced 
concepts for the conversion of heat to electricity from the combusticu of coal 
fuels. Those concepts that are being examine! in EGAS are the fcllowing: 

(1) Advanced steam 

(2) Open-cycle gas turbine 

(3) Closed-cycle gas turbine 

(4) Open-cycle magnetohydrodynamic (NHD) 

(5) Closed-cycle NHD 

(6) Liquid-netal NHD 

(7) Supercritical carbon dioxide 

(B) Liquid-metal Rankine 

(9) Fuel cells 

(10) Combined cycle (gas turbine and steam) 

Each of these advanced concepts is backed by an industrial proponent who 
sincerely believes that his option has merit and should be pursued. 
Obviously, every option cannot be pursued with equal priority. At the same 
time, it has been difficult, if not impossible, for Federal Government 

planners to prepare a valid strategy for research and development because 

these concepts have not been projected on a common basis for comparison and 

because the concepts are supported by varying degrees of design and 

technological maturity. EGAS is the first comprehensive Federal unclertaking 
to relate these various approaches to a commcn frame of reference. 

jr is impcrtant to re*" 'gnize that EGAS, while a study, is also the first step 
in a coherent Federal process that will lead to the fotmu lation of a research 
and development strategy for implementation. NASA’s role in this process is 
limited to providing the base of information and technical expertise from 
which planners with direct responsibility for implementing research and 
development can make valid and defensible decisions as to which advanced 
energy conversion concepts have the greatest potential for the Nation as a 
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function of time. 


The empiiddis in ECAS is pidceil on evaluating the potential of the 10 chosen 
advanced energy conversion concepts by studying them as a part of a complete 
electrical generating plant. This method assures that all costs and plant 
auxiliary thermal an! electrical loads are included. It necessarily involves 
including advanced combustion processes and equipment as well, such as 
atmospheric and pressurimea fluidized- bed furnaces, coal gasifiers, and 
liquified coal combustors. However, the study is not intended to provide a 
comparison between these various advanced coal-to-heat processes independently 
of the 10 major concepts. 

2.2 ECA3 ORGANIZATION 

EGAS involves a broad base of both Federal and private sector participation. 
This is illustrated in figure 2.2-1, which displays the organization for the 
study. An EGAS Interagency Steering Gommittee, chaired by NSF with membership 
drawn from ERDA and NASA, provides to NASA the necessary guidance and 
direction for study execution. The Steering Committee receives advice and 
counsel from two supporting panels: the Technical Review Panel headed by an 

ERDA representative, and a Utility Review Panel with members drawn from the 
utilities sector, the Electrical Power Research Institute (EPRT), and the 
Sierra club. In addition, NASA is receiving direct technical support from 
ERDA for Gcal and coal-derived fuel data and from EPA for environmental 
constraints. The membership for all committees for Phase 1 of EGAS is shown 
in table 2.2-1. 

General Electric and Sestinghouse, under separate but essentially parallel 
contracts to NASA (G. E study - NAS 3-19406; Hestinghouse study - NAS 3-19407) 
are studying the advanced plant concepts. These parallel study contracts 
should improve the quality of engineering judgement through competition and 
identify valid differences in the assessment of the potential of particular 
advanced plant concepts. Such differences should be subsequently addressed by 
Federal planners. 

2.3 CONTRACT SCOPS 

The s*-udy is being done in two phases: 

Phase 1 - parametric analysis 

Phase 2 - conceptual design and implementation assessment 

The Interagency Steering committee reviewed the Phase 1 contractor results and 
decided that the parametric results should be published as soon as possible to 
permit wide dissemination of the information. The G.E. and Hestinghouse 
reports on the EGAS Phase 1 results are being distributed as NASA CR- 134948 
and CH-134941, respectively (refs. 1 and 2). The Interagency Steering 
Committee also requested that NASA prepare a comparative evaluation of the 
contractor results for Phase 1. 


2.4 NASA REPORT - PURPOSE AND APPROACH 


This report- 

(1) To 

(2) To 
differences 

(3) To 

(4) Tc 

(5) To 


was wcitten 

summarize and compare the contractor results for Phase 1 of EGAS 
identify major differences and uncertainties and to resolve 
where possible 

identify critical or limiting assumptions used in the study 
define improvements to systems studied and evaluate impact 
define comparability in the various energy conversion systems 
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The preparation of this report drew on teams of NASA lewis Research Center 
experts in the various energy conversion systems. The project office prepared 
the introduction, summary, and general discussion of approach and scope. 
Additional information resulted from a public presentation of the contractor 
Phase 1 results at Lewis on riay 27, 1975. The attendees were invited to 
Gomnent on the results of the study. In addition, Lewis requested comments 
from the public and industry and each contractor requested comments from each 
subcontract cr or corporate division that developed the information for the 
various energy conversion systems. Britten comments were received from the 
following organizations; 

(1) Actron Industries, Division of McDonnell Douglas 

12) AiResearch 

(3) Argonne National Laboratory 

(4) ERDA {OCR) 

(5) General Electric Co., Direct Energy Conversion Division 

(6) General Electric Co., Valley Forge Space Center 

(7) General Electric., Steam Turbine Division 

(fi) NASA Jet Propulsion Laboratory 

(9) Hollifield National Laboratory 

(1G) Restinghouse Research Laboratory 

(11) Hestinghouse, Gas Turbine Division (2) 

(12) United Technologies research Laboratory 

(13) ERDA Pittsburgh Energy Research Center as well as from the public. 

In addition, several advocates (AiResearch, General Atomies, General Electric, 
and Hollifield National Laboratory) visited Lewis to discuss their comments. 
T! = comments have been reviewed and evaluated by the Lewis personnel 
r.sponsiblG for each energy conversion system. Those comments having 

substantial impact on the study were incorporated in the sections covering the 
respective cenvetsien systems. 

The report was compiled under the direction of Lloyd I. Shure, ECAS Project 
Manager at the Lewis Research Center, with substantial contributions from 
Gerald J. Barna, Raymond K. Burns, Donald C. Guentert, and Robert P. nigra. 

2,5 SCOPE or RESULTS 

The information generated by each contractor in Phase 1 of ECAS included 
performance, economics, natural resource requirements, and the environmental 
intrusion for the advanced conversion systems studied. The parametric 

analysis was defined by a matrix of points for each system and contractor. 
The matrix of points summarized the important parameters for base cases as 
well as each parametric point. The information required for a base case and a 
parametric point is summarized in table 2.5—1. The matrices of points covered 
in the contractors' pararaetric analyses were proposed by the contractors and 
approved by the project manager after negotiation of NASA recommended changes. 

It was recognized that each of the systems covered by EGAS has been to some 
extent previously investigated. However, they had not been examined 

collectively en a consistent and comparable basis. In addition, the emphasis 
in ECAS was on total powerplant design performance and cost, which, as stated 
earlier, was a unigue feature of this study. On this basis, together with 
programmatic constraints of time and resources, it was decided to exercise the 
collective judgement of industry and government to use this base of 

information and experience from previous studies as a point of departure 
rather than to perform an optimization study for each of the candidates. 
Thus, on the basis of this background, a number of base cases were defined 
that were judged as representative of the potential for f.*ach candidate. In 
addition, a number of parametric variations from these base cases were 
investigated to define sensitivity of the systems for both cost and 
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pcarforraance. These base and parametric cases were covered with, for the most 
part, differing emphasis in each contract to achieve as broad a coverage as 
possible and thereby to insure that the potential for each systen would be 
adequately covered. Tn many cases, further optimization could be expected to 
make some improvement. As a part of the evaluation described in this report, 
guidance is provided for the focus of future evaluatxon to achieve, where 
appropriate, an enhanced comparison. This parametric approach (Phase 1) did 
achieve its objective of providing a basis for selection of systems for 
additional detailed evaluation in Phase 2 of the EGAS study. 

The matrix of points for each conversion system is discussed in sections 5.? 
to S.12 of this eport. An examination of the parametric points will reveal 
certain approaches emphasized hy the contractors, such as S.E.'s selection of 
atmospheric furnaces and Westinghouse *s selection of pressurized fluidized 
beds or G.E.'s use of low-temperature gas cleanup and Hestinghouse *s use of 
high-temperature gas cleanup for gasifiers. Throe efficiencies were 
calculated for each system: overall energy efficiency, powerplant 

efficiency, and thermodynamic cycle efficiency. Overall energy efficiency is 
the ratio of electric power output to the higher heating value of the coal 
required and is the efficiency commonly referred to as "coal pile to bus bar." 
Powerplant efficiency is defined as the electric power output divided by the 
higher heating value of the actual fuel input to the system. In cases where 
fuel was used as an over-the- fence supply, overall energy efficiency is the 
product of the conversion efficiency (coal to fuel) for the assumed fuel and 
powerplant efficiency. For those cases where coal is combusted directly, such 
as fluidized-bed furnaces or integrated low-Btu gasifiers, the plant and 
overall energy efficiencies are the same. Thermodynamic efficiency is defined 
as the gross electrical power output from the prime cycle divided by the heat 
input to the prime cycle. It does not include auxiliary power requirements 
for the plant nor allow for thermal or power losses or power outputs from any 
separate combustion loop. When a topping and bottoming cycle occur in EGAS, 
they are considered as the prime cycle, and gross electrical power for both is 
used in deternining thermodynamic efficiency. 

Economics information generated in this study is based on mid-1974 dollars and 
includes estimates of the capital cost of energy conversion equipment, the 
balance-of- plant costs (for coal handling,, heat rejection, all installation 
mateciais and labor, and cleanup), the operating and maintenance costs, period 
of construction, esjalation during construction, interest during construction, 
and cost of electricity. The sensitivity of the cost of electricity to 
important parameters was also investigated. 
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TABL E 2.2-1. - ENEHUY CONVERSION .■\LTERN.\T1VES STCDY COMMITTEE 


l.cvel of 
organization 

Coniponcn t 

P rograni 

Steering Committee 


Technical .Advisory Panel 


Utility Advisory Panel 


Headquarters Program Manager 

roject 

NAS.A Lewis Project Managei-s 


Con.suhimts 


Members 

D. Senich, Chairmiin (NS 10 
II. Zahratinik (ERDA) 

L. Topper (NSF) 

S, Freedman (ERDA) 

D. Ginter (NASA Headquarters) 

M. Ault (N.\SA Lewis) 

R. Sehoen, Executive secretary (NSF) 

S. Gage, Obseiwer (EPA/ORD) 

J. Sullivan, Observer (OMB) 

J. Ljmch, Chairman (ERDA) 

W. Crim (ERDA) 

J. Belding (ERDA) 

R. English (NASA Lewis) 

C. Falcone, Chairman (American Electric Power) 

H. Phillip (Niagara Mohawk Power) 

R, Huse (Public Service Gas Si Electric) 

R. Dunham (Tennessee Valley Authority) 

J. Agosta (Commonwealth Edison of Chicago) 

V. Cooper (Electric Power Research Institute) 

A. Rosenberg (Consolidated Edison of New York) 

R. Curiy (Sierra Club Research Office) 

R. Miller (NASA) 

L. Stiure 

D. Packe. Lewis Analysis 

M. Schlesinger (ERDA/PERC) 

D. Walters (EPA) 

S. Cirisafle, Maienals Advisory Group (NASA Lewis) 







TABLE 3. 5-1. - INFORMATION REQl’IRED FOR BASF CASES AND PARAMETRIC POINTS 


Base case 

Parametric point 

Powerplant efficieney 

Poweiplant efficiency 

Overall energy efficieney 

Overall energy efficiency 

Plant capital costs 

Plant capital costs 

Cost of electricity (including capital, fuel. 

Cost electricit;V (including capital, fuel. 

and maintenance costs) 

and mainten.ance costs) 

Construction materials 


Size, weight, and capital cost of major 

i 

components 


Cooling tower 


Emission control equipment 


Natural resources required (including 


coal, water, and land) 


Environmental intrusion (including gas- 


eous and particulate emission, 
thermal pollution, and wastes) 


Flow rates, state conditions, component 


efficiencies, etc. 
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Figure 2. M. - Energy Conversion Alternatives Study (EGAS) organization. 




8 



















3.0 SPMBABY OF PHA 5 E 1 RESaL TS 

3.1 perspective os interpret at lOS OP RESULTS 

The purpose of this section is to provide a perspective on the results of the 
paranetric analysis fron Phase 1 of EGAS and an insight into those factors 
that have the most significant effect on the cost and perfornance of the 
energy conversion systems studied. A secondary objective is to introduce 
those factors not evaluated that Hould have a substantial impact on an overall 
comparison of fossil-fueled advanced conversion systems. In the following 
subsections, each of the major factors that influence system comparisons are 
gualitatively discussed. 

3.1.1 Influence of Study E mT'ha si s on Results 

The primary emphasis of the EGAS study is an evaluation of the various 
advanced er^ergy conversion systems on a consistent and comparable basis for 
base-load electric utility application. A distinguishing feature of the study 
is the attempt to evaluate these systems in a total powecplant context. 
Assessing the overall impact of these systems on the energy economy of the 
nation was an important consideration, explicit in the objective of EGAS. To 
that end, we considered not simply cycle or powerplant efficiency and the 
attendant costs, but the overall efficiency from "coal pile to bus bar." This 
efficiency is note indicative of true performance. For example, many of the 
powerplants evaluated may display the potential for high plant efficiency with 
a "clean fuel." If the "overall" efficiency is not considered, coal demand 
could be greater for this system than for a system of somewhat lower plant 
efficiency that uses coal directly. Thus, the total coal consumption is 
important in an overall comparison of cycles. It should be clearly recognized 
that when the total coal consumption is considered the auxiliary power 
requitements. losses, and inefficiencies of all the various steps in the 
handling, processing, combustion, cleaning, and disposal fron "coal pile to 
bus bar" will have a dramatic effect on both efficiency and cost comparison of 
the various cycles. In fact. in many cases, the balance of plant is a major 
determinant in system performance and to some extent, is almost independent of 
the cycle itself. Past studies have also considered the balance-of-plant 
impact, but in most cases as subordinate to the evaluation of the cycle 
itself. In the first phase of EGAS, emphasis has been given to the balance of 
plant, but with less detailed analysis than for the conversion system itself. 

To guide the reader in interpreting the impact of balance of plant and 
auxiliary losses and reconciling the results with intuition, it is convenient 
to arrange the various systems into three classes: systems that 

(1) Combust coal directly to fire the primary cycle 

(2) .Process the coal to a low-Btu gas on site and integrated with the 
primary cycle (s) 

(3) Utilize a processed, clean or semiclean fuel delivered "over the 
fence" and processed off site 

These classes of systems ace shown in a highly schematic and simplified way in 
figure 3.1-1. Each of the blocks in this diagram can be characterized by an 
efficiency, an auxiliary power cequicement, and/or losses from step to step. 
Except for the components that comprise the energy conversion cycle, there was 
generally good agreement on these factors between contractors, on the basis 
of this simplified diagram the overall energy efficiency of any class of 
system can generally be obtained fron the thermodynamic efficieccy as follows: 
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Overall energy efficiency = f - R), (1 ~ 1)* (Furnace loop efficiency), 

(Coal processing ef ficiency) , (Thermcdyiia niie efficiency) 

where A is auxiliary power required expressed as a percentage of gross power 
and includes fan power (AFB, cooling towers, etc,); coal handling, drying and 
pulverizing; pump power; waste handling; househeepinq, etc.; and where L is 
losses as a percentage of gross power and includes txansforaers, inverters, 
generators, and niscellaneous thermal and nechanxcal losses outside the energy 
conversion system itself. in the sections of this report that fellow, the 
magnitudes of the furnace, processing, and thermodynamic effieieneies are 
discussed. A review of all the results indicates that it is possible, within 
broad limits, to generalize these values - with the benefit gained exceeding 
the hazards of generalizations. 

For the first class of systems with APB, the auxiliary power is 6 to 8 percent 
(1 - A = 92 to 94 percent), the losses are 2 to 3 percent (1 - 1 = 97 to 98 

percent), and furnace efficiency is 85 to 90 percent. Since this class of 
system fires coal directly, there is no processing loss. Therefore, overall 
efficiency is from 76 to 83 percent of ther- adynamic efficiency. Similar 
values for the ether classes are 67 to 87 percent for class 2 and 44 to 55 
percent for class 3. These low values result primarily from low processing 
efficiencies for coal conversion. For elosed-cyele systems with furnace 
pressurizing turboe ompressors, the factor for class 1 systems will be higher. 
Therefore, to achieve overall efficiencies of 45 percent would require 
thermodynamic efficiencies of about 56 percent. Few systems achieved such 
hlqh levels of performance. Furthermore, it can be concluded that these 
efficiencies ate both real and reasonable and are in large measure independent 
of either the level of technical sophistication or technology achieved in the 
prime cycle itself. In addition, total plant design is clearly as important 
as conversion system design with respect to performance and cost. 

In addition to efficieney considerations, figure 3.1-1 also provides a 
perspective on capital cost. As the complexity and number of components 
increase between class 3 and classes 1 and 2, it can be inferred the*" capital 
costs will also rise for both equipment and balance of plant (BOP) and that 
construction times will increase. The results, in general, support this 
inference. It is also generally true that for the simpler systems using clean 
fuels the capital equipment costs, BOP, and construction times are 
substantially lower. However, the fuel costs tend to dominate and as a result 
COE still remains high. This merely reflects a transfer of capitalization 
from the utility to the fuel processor and reappears as operating expense in 
the cost for the processed fuel. For the more complex, high-capital—cost 
systems with longer construction times, in many eases BOP constituted as much 
as half of the total plant cost. This again reemphasizes the importance of 
plant design, which can be the most important single factor in plant cost. 

Plant arrangement, level of integration, and conversion sytem concept are 

stong determinants in establishing plant design and hence cost. The impact of 
these factors is illustrated in figure 3.1-1. As illustrated in this figure, 
the design concept defines both the components and a part of the BOP. The 

integration of these components also affects the BOP, which in turn influences 

the time of construction. The time of construction talcen together with 
interest during construction and escalation now operates on both component 
costs and BOP. The interest and escalation were 10 and 6.5 percent, 
respectively. As a consequence those systems -j’th high BOP and long 
construction times have interest and escalation charges amounting to as such 
as 50 percent of the total capital costs. Although the values used may be 

varied, the effect is real and has an important impact on the overall 
comparison of systems. 
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3,1.2 Influence of Study Approach on Results 

The studjr uas divided into three tasks perforsed in two phases: 

Phase 1 - paraaetric analysis 

Phase 2 - conceptual design and inpleaentation assessment. 

The study logic uas to evaluate all energy conversion systems on a parametric 
basis in order to provide an indication of each system's potential. From the 
resulting data base the most attractive systems could be delineated and 
selected for aore" detailed conceptual design in Phase 2. These conceptual 
designs would provide the level of detail required to perform a meaningful 

implementation assessment together with a better basis for estimating 

poverplant cost and performance. 

within the ccnstraints of time and resources allocated to the overall effort. 
Phase 1 was structured around a selection of parametric points. These 
parametric points were selected on the basis of inputs from the agencies 
sponsoring the study, each of the prime contractors, and the various groups 
that acted as advocates for each of the cycle concepts. Each of these systems 
had been previously studied on at least an independent basis hut to a 

different extent. Thus, it was anticipated that each advocate or concept 
group familiar with each system could select design points (base cases) and 
variations about these base cases that would indeed represent each system to 

its maximum potential. Hoyever, the design points were picked at the 
beginning of the study, and hence there was little opportunity for modifying 
the points chosen. Where such modification could lead to improved performance 
and/or cost, these are noted in the results discussed for each system in 
section 5.0 of this report. Therefore, Phase 1 was not an optimization study 
for each of the concepts but rather was an evaluation based on previous 
experience or familiarity with the various concepts. In addition, to enhance 
the value of the study, we emphasized breadth of covetage, with a limited 
ovetlap between contractors for comparison. As a result, the parametric 
points evaluated by each contractor have in most cases substantially different 
emphases. 

In reviewing the results of phase 1 , it is, therefore, important to recognize 
that limited design detail was generated particularly with respect to plant 
design because the emphasis was on parametric analytical comparison. It can, 
consequently, be assumed that further detailed plant layout and integration 
could in many cases enhance both confidence in cost projections and 
performance estimates. This is the objective of Phase 2 and forms the basis 
for the study logic. Further, the data, particularly with respect to cost, 
are more meaningful on a relative basis than on an absolute basis. The 

differences in results between the two contractors for a given powerplant, in 
themselves, provide a great deal of insight into the sensitivity of each 

system to differences in design approach and integration techniques. For 

example, the results for combined cycles with integrated, fixed-bed, low-Btu 
gasifiers and low-temperature gas cleanup (G.E.) are substantially different 
than for f luidized-bed gasifiers and high -temperature gas cleanup 

(Westinghouse) . The method of bottominq-steara-cyele integration chosen by 
each contractor also has a significant effect on performance. These 
comparisons of results are detailed in the remaining sections of this report, 
A derivative result of this approach was that iteration (zeroing in on "best" 
designs) was not possible but the breadth of coverage and results was 
sufficient to provide a basis for evaluating system potential and selecting 
the most promising concepts. Within these limits. Phase 1 achieved its 
objectives ; 
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(1) It did provide a clear basis for selection of systens for Phase 2 
conceptual design (section 3.5). 

(2) It did provide a basis fcon vhich to proceed to conceptual design of 
powerplants that would exploit the potential of the selected systens with note 
attention to plant design. 

(3) It did define those factors in need of More detailed attention to 
mate those systems not selected more attractive or to confitn the basis for 
their exclusion. 

(4) As a result of the display of ground rules, nethodology, assunptions, 
and data format, it did provide a comison basis upon which advocates of the 
various systems and others can make future comparisons. 

The sections that follow compare and evaluate the results and exanine the 
impact of changes in ground rules. 

3.2 SOBHABY OF OVERAU. SYSTEMS COMPARISONS 

The ranges of overall energy and powerplant efficiency and cost of electricity 
obtained for most parametric cases of each system are shown in fignres 3.2-1 
and 3.2-2, respectively. In each case the General Electric results are 
plotted in part (a) and the Westinghouse results in part (b) . When the 
results for two different powerplant configurations or two different fuels are 
substantially different, more than one ellipse is used to define the range of 
results. 

The ellipses approximate the actual ranges of results, which are shown in more 
detail in figures 6.2-1 to 6.2-5 and 6.2-7 to 6.2-11. The size and location 
of these ellipses are, of course, a function not only of the procedures and 
assumptions made in the calculations, but also of the choice of the study 
ground rules and the system parameters and ranges of parameters examined. For 
some systens the areas of emphasis, ranges of parameters, or system 
conf igurations examined by the contractors differed. These are described in 
the individual system discussions in section 3.3 (or in more detail in section 
5.0). 

The data output of each contractor has been reported in sufficient detail to 
allow recalculation of the cost of electricity (COE) for other than the 
specified eccnomic; ground rules. This has been done to facilitate examining 
the sensitivity of the results to the ground rules. The effects of changes in 
the fuel price, the capacity factor (0.65 base), the interest (10 percent 
base) and escalation (6.5 percent base) rates, and the fixed-charge rate (18 
percent base) have been examined. The method of calculating COE has also 
been varied. The COE values shown in figures 3.2-1 and 3.2-2 and those shown 
in the contractor reports were calculated as if construction of each type of 
system were started in mid-1974, and escalation and interest during 
construction are included. The result is that plants with different 
construction durations cone on line in different years, and construction costs 
are not in mid-1974 dollars but in different- year dollars depending on 
constructlcn ccmpletion date. The fuel and operation and maintenance (0 and 
H) costs are in uiid-1974 dollars, however. NASA has recalculated the COE 
results by several different methods. These include the COE assuming common 
on-line date, the COE in terns of constant dollars (deflated back to 
raid-1974), and the average COK over the lifetime of the plant. These effects 
are summarized in section 3.4. 

An obiective of this study is to compare power systems on the basis of their 
efficiency in the use of coal. Emphasis has therefore been placed on the 
overall energy efficiency, which includes the efficiency of the conversion of 
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coal into a cleaner fuel for these systems that do not use coal directly. It 
is not intended, however, to reduce the signi£,icance of the poverplant 
efficiency. One of the initial assumptions made by contractors was the fuel 
conversion efficiency to obtain a clean or seniclean fuel from coal. In some 
cases the contractors have used different fuel conversion efficiencies for the 
same or similarly processed fuels. As a result their overall energy 
efficiencies for some systems may be substantially different even though their 
poverplant efficiencies agree. In such cases a uore valid comparison of the 
power system results of the contractors is made on the basis of poverplant 
efficiency. Both overall energy efficiency and poverplant efficiency have 
been presented. 

The shape and inclination of the ellipses in figures 3.2-1 and 3.2-2 indicate 
that for seme systems the point with mazimum efficiency corresponds closely to 
the point with minimum COE. This is generally true for the lower capital cost 
systems where the COE is dominated by fuel cost. For some of the higher 

capital GGSt systems, the COE of the point with mazimum efficiency is 
considerably above the minimum COE for that system. Tn such cases a change in 
system design parameters that results in a decrease in capital cost, even if 
accompanied by some decrease in efficiency, results in a decrease in COE. The 
trade-off between cost and efficiency differs from system to system because 
the relative magnitude of the capital charges, fuel, and operating charges 
varies considerably among the systems. Also changes in the economic ground 
rules of the study would affect the capital and fuel portions of the COE 
differently and hence affect this trade-off. The system design parameters 
that will result in minimum coE depend on the choice of the economic ground 
rules. Sufficient data have been reported to allow examination of the effects 
of any change in ground rules. 

Comparing figures 3.2-1 and 3.2-2 shows that a system that uses a clean or 
semiclean fuel rather than coal directly is at a disadvantage in terms of coal 
utilization efficiency. Even though the poverplant efficiencies of combined 
cycles using clean fuels or of low-temperature fuel cells using hydrogen, for 
example, exceed that of a steam plant, the overall energy efficiency, which 
includes the fuel conversion efficiency, is lower. Using cleaner fuels can 
permit an increase in system operating temperature and hence in powerplant 
efficiency but usually means lower fuel conversion efficiency. For 
combined-cycle gas turbine/steam turbine systems, the results of both 
contractors showed that using an integrated low-Rtu gasifier resulted in the 
best trade-off between these two effects and hence in the lowest COE and 
highest overall energy efficiency. 

According to both contractors, the open- and closed-cycle inert-gas MHD 
systems and the liq uid-raet.al Rankine topping cycle exceeded 4C percent overall 
energy efficiency. Each contractor also had another system with greater than 
40 percent overall efficiency: for G. E. , the supercritical carbon dioxide 

system; for Westing house, some high-temperature fuel-cell cases. In all these 
cases the COE exceeded that for a 3500 psi/1000® F/1 000® F steam plant with a 
conventional coal-fired boiler, However, westinghouse calculated’ one 
parametric case for the combined cycle with overall energy efficiency above 40 
percent and COE very near that of the conventional steam plant. 

In both contractors results, the steam systems, combined cycles, liquid- metal 
flHD, closed-cycle gas turbine, and high- temperature fuel cells generally fall 
in the 30 to 40 percent range of efficiency. The clean-fueled gas turbine 
systems and the low-temperature fuel cells using clean over-the-fence fuels 
fall below this range, although in terms of powerplant efficiency some of the 
parametric eases exceed 40 percent. The efficiency and COE results are 
discussed mote specifically and the results of the two contractors are 
compared in the next section (and in section 5.0). 
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3.3 SOMSARY AND COMPARISON OF CONTRACTORS* RESULTS BT SYSTEM 


This section sunnarizes the more comprehensive discussion of each conversion 
system that is presented in section 5.0 of this report. The reader may refer 
to the following sections for more detailed information on each system: 


5.2 ACVANCED STEAM SYSTEM 

5.3 OPEN-CYCLE GAS TURBINE SYSTEM 

5.4 COMBINED-CYCLE GAS TURBINE/STEAH TURBINE SYSTEM 

5.5 CLOSED-CYCLE GAS TURBINE SYSTEM 

5.6 SUPERCRITICAL CARBON DIOXIDE CYCLE 

5.7 LIQUID-MET AL RANKINE TOPPING CYCLE 

5.9 OPEN-CYCLE HHD SYSTEM 

5.9 CLOSED-CYCLE INERT-GAS MHD SYSTEM 

5.10 LIQOID-METAL MHD SYSTEM 

5.11 FUEL-CELL POHERPLANTS 


3.3.1 Advanced Steam 


Steam powerplants 
generating output, 
performance and rel 
Gt steam systems be 
conversion systems, 
however, include c 
systems. The emph 
investigating those 
steam turbine tempe 


today provide the bulk of this nation's electrical 
Because of their widespread use and demonstrated 
iability, it is appropriate that the performance and cost 
used as one yardstick for evaluating the merit of advanced 
This evaluation of advanced conversion systems must, 
ompa risen with both state-of-the-art and advanced steam 
asis for the advanced steam system in Phase 1 was on 
systems using advanced furnace concepts and/or increased 
ratures (to the 1200° F level or higher). 


Both contractors investigated four combustion techniques: conventional 

furnace (CF) , atmospher ic- fluidized- bed furnace (AFB) , 

pressurized-fluidized-bed furnace (PFB) , and pressurized furnace (VF) burning 
low-Btu gas from an integrated gasifier. Both contractors also investigated a 
of turbine' throstle temperatures and pressures, reheat temperatures, 
reheats, powerplant sizes, heat rejection methods, types of coal, 
parameters. General Electric evaluated a total of 28 
around a base case using an atmospher ic-fluidized- bed 
conditions of 3500 psi/1200° F/1000® F. Hestinqhouse 
of 180 parametric points around three base cases using 
pressurized-fluidized-bed, and pressurized furnaces, 

base cases had steam conditions of 3500 


range 
number of 
and other system 
parametric points 
furnace and stoam 
evaluated a total 


conventional, 

respectively. All Nestinghouse . - ^ ^ opme 

psiq/1000° F/1C00° F. The Hestinqhouse study emphasized the use ot prb s, 
PF's, and CF's, The different emphases on furnace types thus complemented 
each other and enabled a broader coverage of parametric variations to be 
investigated. 

As illustrated in table 3.3-1 there was a substantial difference between the 
two contractors* results in terms of the range of efficiency and absolute 
level of COE. General Electric results shewed overall energy efficiencies 
from 34 tc 40 percent and COF 's from 30 to 38 mills/kH-hr. Vestinghouse 
results showed an efficiency range of 34 to 43 percent and a COE range of 21 
to 35 mills/kW-hr. NASA investigated the differences between the contractors 
ranges of efficiency and COE. The range of steam conditions investigated by 
HestinghousP, which included higher pressures and higher temperature 
combinations (throttle and reheat) than General Electric, produced ^»»e higher 
efficiencies. Westinghouse efficiencies also ranged lower than G.E.s because 
some of their dry cooling tower cases involved condenser pressures higher than 
the highest pressures examined by G. E. tor such cases. 
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Differences between the two contractor's on capital cost estimates were the 
reason for the difference in absolute level of COE. The G.E. capital cost 
estimates were consistently higher for cases using similar parametric 

characteristics. As reported in section 5.1, NASA investigated the 
contractors' costing approaches and made a detailed comparison of conventional 
technology (base-line) steam plant capital costs. The difference between 
contractors was primarily in the balance- of- plant (BOP) materials costs 
estimated by the participating architect-engineer firms. Independent cost 
estimates, obtained by NASA according to EGAS ground rules, indicated steam 
plant capital costs lying between the fi. B, and Hestinghouse EGAS estimates. 

Absolute cost differences notwithstanding, certain significant trends were 
shown in the results from both contractors: (1) t.he fluidized-bed furnaces 

(AFB and PFB) produced lower or comparable COE as measured against the 
conventional furnace with scrubber; and (2) lowest COE's were generally 
obtained at or near present state-of-the-art steam pressure and temperature 
conditions. The fuel cost savings (efficiency) from 1200® F-and-higher steam 
conditions were clearly overshadowed by rapid increases in turbine capital 
cost. Ill Phase 2, steam systems using AFB and PFB furnaces will be evaluated 
further through conceptual designs of each system for steam conditions of 3500 
psig/1000® F/1000® F. 

3.3.2 Open- Cycle Gas Turbines 

Both contractors studied simple-cycle, recuperated-cyole, and organically 
bottomed gas turbine systems. The influence of major parameters such as 
turbine-inlet temperature, pressure ratio, turbine cooling method, uncooled 
ceramic materials, recuperator effectiveness, recuperator pressure drop, and 
organic working fluid was evaluated. General Electric emphasized HBTO gas and 
Westinghouse emphasized a coal-derived distillate as clean turbine fuels. A 
fuel conversipn efficiency of 50 percent was selected by G.E. and Bestinghouse 
for their fuel of emphasis and fuel costs specified by NASA were identical 
(table 4.1-2). Overall efficiencies may therefore be compared directly. For 
these fuels, powerplant efficiency would be twice the overall energy 
efficiency. 

As shown in table 3.3-1, the COE determined by G.E. ranged from 31 to 39 
mil Is/kN- hr , and overall efficiency (including fuel processing efficiency) 
ranged from 15 to 22 percent. Minimum COE (efficiency, 17 percent) occurred 
for the recuperated cycle with an effectiveness of 0.85 and a turbine- inlet 
temperature of 2200® F. Maximum efficiency occurred for the organically 

bottomed cycle (GOE, 34 mills/kH-hr) with a turbine-inlet temperature of 2200® 
F (highest temperature considered), A most interesting single point presented 
by G.E. was for a recuperated cycle using solvent- refined coal (SBC) fuel 
(fuel conversion efficiency, 78 percent) for which COE was 26 mllls/kB-hr and 
overall energy efficiency was 28 percent. The nitrogen oxide emission 

standard was not met because of the organically bound nitrogen in the fuel. 

Also as shewn in table 3.3-1, the COE determined by Hestinghouse ranged from 
2H to 42 mills/kH-hr, and the overall efficiency (including fuel processing 
efficiency) ranged from 12 to 24 percent. Minimum COE (efficiency, 19 

percent) occurred for the recuperated cycle with an effectiveness of 0.90 and 
a somewhat higher turbine inlet temperature than G.E.'s. Maximum efficiency 
(COE, 35 mills/kH-hr) occurred for the organically bottomed system. Dsing 
ceramic blades and vanes would reduce COB somewhat more than 1 mill/kH-hr and 
increase overall efficiency approximately 2 percentage points. 

comparing the G.E, and Hestinghouse results for similar systems and operating 
parameters shows that G.E.'s COE is approximately 3 mills/kH-hr higher than 
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Westinghouse 's and that G.E.'s overall efficiency is approximately 2 
percentage points lower than Westinghouse 's . lewis Research Center 

performance calculations show that the performance difference (2 percentage 
points) is totally accounted for by th« difference in the higher heating value 
of the fuels, the difference in the co». tractors • definitions of turbine- inlet- 
temperature (G. E. uses the temperature at the inlet to the first-stage rotor, 
whereas Westinghouse uses the temperature at the inlet to the first-stage 
stator), the difference in recuperator performance, and G.E.'s use of water 
injection to suppress nitrogen oxide. The cost difference was examined in 
detail but was not resolved. However, the costing approach and methodology 
used by G.E. /Bechtel generally result in higher costs than Westinghouse. 
Estimated capital costs are S150/kWe for simple-cycle plants, $200/kWe for 
recuperated systems, and of the order of $400/kWe for organically bottomed 
systems. The increase in cost for organic bottoming is associated primarily 
with BOP costs. 

Both contractors agree on the major trends in the data. The cost of 
electricity decreases with increasing turbine-inlet temperature to 2600® F 
with air cooling and to 30CC® F with water cooling. However, efficiency 
increases with increasing turbine- inlet temperature to 2600® F with air 
cooling and decreases with water cooling at all temperatures considered. 
Recuperation reduces COB and increases efficiency for the same operating 
conditions. Organic bottoming substantially increases efficiency but is not 
cost effective because COE also increases. Although both contraetors show 
increased COE for organic bottoming, the doubling of capital cost ($/kWe) for 
organic bottoming as compared to open- cycle recuperated gas turbine systems 
requires further investigation. Westinghouse shows that intercooling will 
increase overall efficiency 1.5 percentage points and reduce COE about 2 
mills/kW-hr. 

Important additional observations on the results are as follows: 

(1) A capability to use low-cost, semiclean .fuels in open-cycle 

recuperated gas turoine systems would impact COE and efficiency in a desirable 
manner . 

(2) Realization of the benefits of high turbine temperatures requires a 
vigorous gas turbine technology program. 

(3) Hater cooling reduces COE but also reduces system efficiency through 
excessive heat removal for the concept considered. 

3.3.3 Combined-C vcle Gas T urbine/Steam Tu rbine Systems 

In studying the combined-cycle system, both contractors evaluated LBTO gas, 
liquid coal derivatives, and T'BTU gas fuels; G. E. also evaluated IBTU gas. 
General Electric emphasized LBTU gas and nonreheat steam systems; Westinghouse 
emphasized distillate fuel from coal and evaluated both reheat and nonreheat 
steam systems. General Electric evaluated both air and water cooling; 
Westinghouse emphasized air cooling. The Influences of major gas turbine 
parameters such as turbine-inlet temperature, compressor pressure ratio, and 
blade and vane materials were evaluated. Rajor steam-bottoming-cycle 
parameters evaluated included throttle pressure and temperature. 

As shown in table 3.3-1, the COE determined by G. B. ranged from 23. to 33 
mills/kW-hr, and overall efficiency (including fuel processing efficiency) 
ranged frem 21 to 37 percent. The low overall efficiencies occurred for HB7B 
gas (fuel conversion efficiency, 50 percent); the high overall efficiencies 
occurred for LBTU gas. The COE of 23 mills/kW-hr was for the LBTU gas fuel. 
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near 2600® F turbine-inlet temperature and near 37 percent overall efficiency. 
Water cooling resulted in higher COE and loner efficiency than air cooling at 
corresponding turbine-inlet temperatures. 

As shown in table 3.3-1, the COE determined by Westinghouse ranged from 24 to 
34 mills/kW-hr, ,»nd the overall efficiency (including fuel processing 
efficiency) tanged from 20 to 42 percent. The low overall efficiency occurred 
for distillate fuel (fuel conversion efficiency, 50 percent) ; the high overall 
*^tficiency eccutred for an LBTB integrated gasifier. The COE of 24 
mills/kW-hr was for the IBTD gas fuel, 2200® P turbine-inlet temperature, and 
42 percent overall efficiency. These were the lowest cOE and highest 
efficiency reported by Westinghouse. Higher turbine temperatures would lead 
to higher efficiencies and lower COH. Higher temperatures will be evaluated 
in Phase 2. 

The contractors* coE's for the LBTtJ gas case are in excellent agreement. 
Plant capital costs are within 10 percent and COB within 5 percent. However, 
a substantial difference of 7 percentage points in overall efficiency exists 
tor the LBTU gas case. The difference in overall performance is accounted for 
by the difference in performance of the gasifier and the steam bottoming cycle 
and the approach to gas cleanup. General Electric selected a fixed-bed 
gasifier teguiring 1.1 pounds of steam per pound of coal, imposing a 
significant efficiency penalty on the G.E. steam bottoming cycle. 
Westinghouse selected an advanced gasifier requiring 0.45 pound of steam per 
pound of coal. Westinghouse also used induction in the steam bottoming cycle 
to further improve efficiency. General Electric used cold-gas cleanup for the 
turbine, resulting in an additional efficiency penalty; Westinghouse used 
hot-gas cleanup. 

The trends resulting from this study are 

(1) f)sing L3TU gas produced in plant-integrated gasifiers results in the 
highest overall energy efficiency and lowest COE for combined-cycle systems. 

(2) The cost of electricity decreases with increasing turbine-inlet 
temperatures to 2600® F with air cooling and to 3000® P with water cooling. 

(3) The efficiency of water-cooled turbines is lower than that of 
air-cooled turbines operating at the same temperatures. 

(4) Reheat steam bottoming cycles are not attractive unless high 
turbine- in let te mpe ra t u re s are used. 

(5) ceramic blades and vanes are attractive at all firing temperatures. 

(t) ^emiclean (minimally processed) liquid fuelii provide attractive COE, 
efficiency, and capital cost for combined- cycle systems. 

3.3.4 C l ose d-cyclo Gas Turb i ne s 

Because it is a closed cycle, the working-fluid composition and pressure of 
the closed-cycle gas turbine are independent design parameters chosen for the 
benefit of the turbomachinery and h-'at exchang^'cs. Since the working fluid is 
Indopenient of the combustion products, clean (and expensive) fuels are not 
required. Ccal can be burned directly without the p^enalty of a fuel 

conversion efficiency. These are potential benefits over the open-cycle gas 
turbine. However, because it is a closed cycle, the heat input is through a 
furnace/heat exchanger, which imposes an upper limit on operating temperature, 
introluces a significant cost item, and introduces a loss due to furnace-loop 
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inefficiencies. The systen was included in EGAS to ezanine the balance 
between these potential advantages and disadvantages. 


The closed-cycle gas turbine systen is one of those wherein the contractors' 
areas of enphasis differed considerably. The main differences involved the 
furnace and fuel type and the integration of bottoning cycles. 

General Electric emphasized atmospheric fluidized beds using direct coal 
firing. Of a total of 46 parametric cases, 35 used an atmospheric 
fluidized-bed coal-fired furnace, one used a pressurized f 1 uidi zed-bed 

coal-fired furnace, and 10 used a clean-fuel pressurized furnace. 

Westinghouse emphasized pressurized combustion loops and clean over-the-f ence 
fuels. Of a total of 100 parametric cases, 88 used a pressurized furnace and 
clean fuel (distillate in 84 cases). Westinghouse studied 11 cases with 
pressurized fluidized-bed furnaces with direct coal firing. They also did one 
case with an atmospheric furnace that used distillate fuel. 

Both contractors used helium working fluid and varied such helium-loop 
parameters as pressure ratio, turbine- inlet temperature, recuperator 

effectiveness, and pressure losses. Many of Westinghouse* s parametric 
variations involved changes in the fur nace- pressurizing gas turbine parameters 
(which they referred to as the "pumpup cycle”). These included turbine-inlet 
temperature, pressure ratio, recuperator effectiveness, and pressure losses. 
General Electric did few parametric variations of these furnace-pressurizing 
gas turbine parameters but focused their attention on the helium cycle. 

General Electric considered eight cases with an organic bottoming cycle (using 
P-22 and Fluorinol 85) . A rocuperatod helium cycle was used in all cases. 
They also did five cases with a steam bottoming cycle and in all but one case 
used a recuperator in the helium cycle. 

Westinghouse considered 45 parametric cases with a steam bottoming cycle, six 
with an organic cycle (H— 12 and methylamine) , and one with a sulfur dioxide 
bottoming cycle. In contrast with G.F. they configured the system so that the 
bottoming cycle received heat input from the furnace cycle as well as from the 
helium cycle. Also in contrast with G.E. , none of their bottomed cases 
included a recuperator in the helium cycle. As a result, the temperature 
levels of their bottoming cycles were generally higher than G.E.'s. 

General Electric's recuperated closed-cycle gas turbine with AFB furnace had 
overall energy efficiencies from 26 to 33 percent and COE from 34 to 48 
mills/kW-ht. The most attractive case was with one stage of intercooling, 
1500" F turbine-inlet temperature, and 0.85 recuperator effectiveness. This 
case had about 32 percent overall efficiency and 34 mills/kW-hr COE. Their 
steam and organic bottomed cases yielded similar ranges in COE (but higher 
than unbottomed cases primarily because of higher balance-of-plant costs). 
The organ ic-bot tomed cases resulted in higher efficiency. The highest 
efficiency case was 38 percent with a COE of 42 mills/kW-hr. 

The Westinghouse results with the highest overall energy efficiency and lowest 
COE were those with a PFB furnace or integrated gasifier. ® steam 

bottomer, the PFB furnace cases reached 38 percent overall efficiency with a 
COE of 31 mills/kW-hr. Those cases with a recuperator and no bottoming cycle 
had from 31 to 38 mills/kW-hr COE and from 30 to 35 percent overall 
efficiency . 

The Westinghouse cases using clean fuels and pressurized furnaces had lower 
efficiencies because of the fuel conversion efficiency. Tn terms of 
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pcwerplant efficiency, however, the 1500“ F inlet cases rea:ched 43 percent 
with a bottoming cycle and 36 percent without. In spite of this and the lower 
capital cost, however, COE was higher than for the coal-fired cases because of 
the higher cost of distillate fuel. 

The coal-fired cases resulted in highest overall efficiency and lowest COE. 
Cleaner fuels allow higher firing temperatures and/or more power extraction 
from the furnace cycle but result in higher COE because of higher fuel prices. 

Both contractors' results show that the use of intercooling in the 
recuperated, unbottomed cycle both increases overall efficiency and decreases 
COE. 

Both contractors' results also show that using bottoming cycles increases 
efficiency. However, caution must be exercised in comparing their results 
because of the different way they integrated the systems. Because of the way 
Hestinghouse configured the system, most of the power output is from the 
bottom and furnace loops (less than 50 percent from the helium cycle) . In 
G.E.'s case most of the power output is from the helium cycle (approximately 
BO percent) . 

Both contractors' results show that powerplant efficiency increases with 
increasing turbine- inlet temperature, above 1500° F. However, both used a 
clean-fueled furnace with high-temperature metallic heat exchangers. As a 
result the overall energy efficiency was lower than the 1500° F coal-fired 
cases, and the COE was substantially higher. In Phase 2 a nominally 1900° F 
helium cycle using a coal-fired AFB furnace with a ceramic heat exchanger will 
be studied. 

3.3.5 Supercritical Car bon Bio x ide Cvc le 

The supercritical carbon dioxide cycle was investigated only by G.E. (with 
Actron Industries as subcontractor) in the EGAS study. A total of 32 cases 
were examined, including variations in the fuel, furnace type, and 
primary-cycle configuration and operating parameters. Emphasis in the study 
was on the atmospheric f luidized-bed furnace (AFB) , with variations to include 
one case with a pressurized fluidized bed (PFB) and four cases with a 
pressurized furnace (PF) - three burning low-Btu gas from an integrated 
gasifier, and the fourth burning a high-Btu gas. The prime-cycle 
configurations considered were the simple (Feher), recomptession, and postheat 
cycles. The reccm p cession cycle with a pump flow fraction of about 0.7 (ratio 
of pump flow to total flow) proved to be the most attractive of the three 
configurations in terms of cost of electricity and overall energy efficiency. 

The supercritical carbon dioxide cycle was characterized by fairly good 
efficiencies bu<- high cost of electricity (between 35 and 41 percent with 
corresponding COE's of 50 and 6B mills/kH-hr) . The two best AFB cases in both 
efficiency and COB had overall energy efficiencies of 39 and 41 percent and 
COE's of 66 and 68 mills/KH-ht, respectively. The PFB case resulted in lower 
COE (about 57 mills/kW-ht) and about the same efficiency (somwhat over 39 
percent) as the ma iority of the AFB cases. The PF cases with integrated 
low-Btu gasifiers offered the lowest COE (about 50 milis/kW-hr) but at a 
reduced efficiency (about 35 percent) because of the losses in the 
gasification process. An examination of the trends shown by the contractors' 
results indicated that a modified cycle combining favorable variations in the 
furnace type and cycle parameters examined in the study might have a COE of 
about 55 mills/kW-hr at an overall energy efficiency of 40 percent. 

The high COE of the supercritical carbon dioxide cycle is a result of very 
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high component capital costs, primarily the recuperator and turbine. For good 
efficiency, the cycle teguires a very large recuperator that must accommodate 
differential pressures resulting from about 3fl00 psi on one side of the heat 
exchanger and 1400 psi on the other. The turbine must operate in an 

environment of both high, pressure (3800 psi) and relatively high temperature 

(1350° F) . Innovative design approaches to these components are reguired to 
arrive at less costly solutions to the design problems associated with the 
high pressures at relatively high temperatures that are peculiar to the 
supercritical carbon dioxide cycle. The scope of Phase 1, however, did not 
provide an opportunity for the detailed design studies that would be reguired 
but did identify the technical areas of focus if additional studies of this 

system are to be conducted. Because the costs of the recuperator and 

turbomachinery are such a large proportion of the total plant capital costs 
(over 50 percent for the base case studied by G.E.), the effect of possible 
reductions in the costs of these components that might result from detailed 
design studies was evalu.-ted in a cursory manner. EedUced costs equal to 
approximately cne- third of the original cost estimates were assumed for these 
components, based on consideration of equipment costs of other closed-cycle 
dynamic systems examined in the study. Applying these reduced costs to the 
modified cycle previously mentioned resulted in a pJ.ant with a COR of about 38 
mills/kH-hr and an overall energy efficiency of about 40 percent. 

3.3.6 Liq ui d-Metal Rankine Topping Cyc le 

General Riectric and ifestinghouse conducted performance analyses and made cost 
estimates of liguid-metal Rankine topping cycles as part of the ECAS Phase 1 
studies. These systems comprised a Rankine topping cycle, with either 

potassium or cesium as the working fluid, rejecting heat^ to a conventional 
steam plant as a bottoming cycle. General Flectric studied a total of 16 
cases and Bestinghouse a total of 50. Three types of futnace/boilers were 
examined, including the atmospheric fluidized bed (AFB) , the pressurized 
furnace (PF) , and the pressurized fluidized bed (PFB) . The fuel for the PF 
iiQS either a low — Btu gas produced in a coal— gasifier integrated with the power 
system or a high-Btu gas or liquid produced in a free-standing gasification or 
liquefaction plant. General Electric emphasized the use of an AFB in their 
study; Bestinghouse emphasized the PFB. 

The best AFB case with potassium as a working fluid that was studied by G.E. 
had an ovecall energy efficiency of about 40 percent and a COE of about 48 
mills/kH-hr. This represents both the highest efficiency and lowest COE of 
the AFB cases. The pressurized furnace cases with integrated low-Btu 
gasifiers had somewhat lower efficiencies (approx 35 percent) and lower COE's 
(approx 40 to 41 mills/kH-hr). The single PFB case studied had an overall 
energy efficiency of about 40 percent with a COE of about 40 mills/kH-hr. The 
Bestinghouse results generally indicated higher efficiencies and lower COE’s 
than those of G.E. The best case studied by Hestinghouse, for both efficiency 
and COE, was a PFB case with an overall energy efficiency of about 44 percent 
and a COE of about 29 mills/kW-hr. 

There are several reasons for the lower efficiencies of the G.E. cases, one of 
which contributes in varying degrees to all the configurations studied by G.E. 
A high potassium recirculation ratio was assumed in the G.E. furnace/boiler 
designs on the basis of insuring complete wetting of the horizontal tube 
walls. This resulted in high recirculating pump power and efficiency 
penalties of about 2 percentage points for the AFB cases, about 1.5 percentage 
points for the PFB case, and about 0,3 percentage point for the PF with 
integrated low-Btu gasifier. Hestinghouse, on the other hand, assumed 
vertical tubes and a recirculation ratio of 2.5, with correspondingly low pump 
power and negligible effect on efficiency. Although the extent of 
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recirculation that might be required is unknown at the present time, it is 
likely that recirculation ratios considerably lower than those used in tne 
r.e! stud? can be used because of the extreme ease with which potassium wets 
metal surfaces. Hecirculation pumping power could then be reduced 
point where it has a very minor impact on the overall system efficiency. In 
the case cf thePFB, theG.E. method of recovering exhaust heat from the 
pressurizing gas turbine through recuperation to the combustion air resulted 
in higher stack losses and lower efficiencies than were obtained in the 
Hestinghouse cases that used this heat for feedwater heating in the steam 
bottomLg plant. Lower efficiencies for the G.E. PF cases with integrated 
low-Btu gasifiers can be attributed to the higher losses associated^ with the 
cold-gas cleanup and the higher steam requirements of the G.E. gasiper, as 
well as to the difference in the ways the two contractors integrated the 
gasifier into the power system. 

The lower COE»s of the Kestinghouse results are attributable to (1) flower 
capital costs of all components in terms of $/kHe and reduced fuel costsdue 
simply to the affect of higher plant efficiencies; (2) lower furnpe/boiler 

costs due in part to lower pnmp costs resulting from lower recirculation 

pumping requirements; and (3) lower contingency allowances. 

Both G.E. and Westinqhouse found the PFB potassium topping plant to be highest 
in efficiency and lowest in COE. However, G.E. favored the A.FB because of its 
more advanced state of technology and the elimination of ^possible hot 
corrosion and erosion of the gas turbine blades from partic^ates au^ 
contaminants in the gases from the PFB. Although cesium appeared to offer 
some advantage in turbomachinery costs and size and a smaU _ advantage in 
efficiency, its higher costs and less advanced state of technology would 
result in a much more costly development program. 

Although «-he contractors were not able to conduct sufficiently complete 

parametric studies during Phase 1 to arrive at an «'optimizedV_ system^ 

sufficient information was generated to suggest that the best efficiency and 
lowest COE can be obtained for a PFB ease with a potassium cycle operating 
between a 1400° F boiling temperature and an 1100° F condensing temperature 
and a pressurizing gas- turbine-inlet temperature near 1800° F. Exhaust heat 
recovery from the gas turbine would be in the form of feedwater heating to the 
3500 psi/1000° F/1000° F steam plant bottoming the potassium cycle. It is 

estimated that an overall energy efficiency of about 45 ^percept can be 
achieved with this configuration burning Illinois #6 coal. The COF. would be 
about 28 raills/kH-hr using Sestingliouse cost estimates or about 35 mills/KW-hr 
using G.E. cost estimates adjusted to reflect reduced pump costs resulting 
from lower recirculation ratios and the higher efficiency of the proposed 
configuration. A configuration similar to this will be examined in more 
detail by G. E, in Phase 2, and better estimates of efficiency and COE should 
be obtained. 


3.3.7 Onen-CYcIe Magneto hv drodynamic Systems 


Hagnetohydrodynamic (MHO) power systems are of ^“terestfor_ advanced 
powerplants primarily because of their high performance potential. 

' is the direct result of their high maximum operating temperature, 
fluid exiting the generator is also at a relatively high 
this heat must be utilized in order to obtain high 
efficienev. This is accomplished by using the MHD generator exhaust to 
preheat the oxidizer (and sometimes the fuel) and to 

in a bottoming plant. In addition to a large number of possible MHD cperating 
parameters, there are many different configurations for such an HHD Plant. 
These involve a variety of bottoming cycle types and their integration with 


potential 
The HHD working 
temperature, and 
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the iSHD cycLe, a variety of methods of preheatings the oxidant, and a range of 

possible fuels and oxidants. A represen tati re saapie of such variations has 

been studied in EGAS. 

General Electric studied 30 parametric cases, 23 of uhich used direct coal 

firing and seven of which used solvent-refined coal CSRC) as the fuel. All 

but one case used a steam bottoming cycle; that one used a gas-turbine 
bottoming cycle. All but two cases used a high-teaperature (2000® F and 
higher) regenerative heat exchanger to preheat the air with HHD generator 
exhaust gas {i.e,, direct air preheat). One used lower temperature {1500° F) 
direct air preheat with oxygen enrichaent, and the other assumed^ the air to be 
preheated by a separate clean fuel gas from a coal gasifier (i.e. , indirect 
air preheat) . 

Hestinghpuse studied 39 parametric cases, 34 of which were direct coal fired 
and five of which used a low-Btu fuel gas obtained from an integrated 
gasifier. Half of their direct-coal-fired cases used direct air preheat to 
about 2400° F, the others assumed direct ait preheat to as hign as 2400° F 
followed by additional heating in an indirect air preheater. The fuel for the 
indirect air preheater was the volatiles obtained by carbonizing the coal 
before using it in the main combustor. All the Westinghouse cases used a 
steam bottoming cycle. 

The G.E. coal -fired cases ranged from 44 to 53 percent in overall efficiency 
and their SRC cases ranged from 40 to 46 percent. The SRC fuel cases suffer 
from the assumed 78 percent fuel conversion efficiency; their powerplant 
efficiency, not including this fuel conversion penalty, ranged from 52 to 59 
percent. The costs of electricity (COE) ranged from 41 to 48 mills/kw-hr. 

The Hestinghouse coal-fired, direct-air— preheat cases ranged from 44 to 49 
percent in efficiency and 27 to 31 mills/kW— hr in COE. The coal— fired cases 
with direct and indirect air preheat ranged from 44 to 5ii percent in 
efficiency and 27 to 35 raills/kH-hr in COE. The higher efficiency was 
obtained by air preheat to about 3500° F. Hith indirect air preheat to about 
3000° F, 50 percent efficiency was obtained. The Cases using low-Btu fuel gas 
ranged from 46 to 54 percent in efficiency and 34 to 42 mills/kH-hr in COB. 

Pot nearly comparable conditions both G.E. and Westinghouse obtained 
efficiencies of about 49 percent, This is for a direct -coal-fired plant using 
direct air preheat to 2400° - 2r500° F and a 3500 psi/1000° F/1000° P steam 

bottoming cycle. The results indicate that by using the best features of 
each, the efficiency could reach 50 percent. The cost estimates, however, are 
substantially different. The G.E. COB for these conditions is 43.0 
mills/kW-hr, and the Westinghouse COE is 27 mills/kS-hr. Most of this 
difference is due to a difference in plant capital cost estimate^. The G.E. 
and Westinghouse results were sl102/kWe and $G42/kWe, respectively. ^ The 
Westinghouse cost estimates for several of the major components were higher 
than G.E.’s, General Elec trie ’s estimates for balahce-of-plant materials and 
installation costs, however, were higher than Westinghouse ’ s estimates. 
Differences in the estimates of major component costs can be resolved only 
after further technology development. The conceptual design being done for 
this system in Phase 2 should help clarify the balance-of- plant cost 
estimates. 

Both contractors show a loss in efficiency of about 3 percentage points 
associated with seed reprocessing when high-sulfur coal is used. Alternative 
reprocessing concepts with lower performance penalties should be investigated. 
A system with an integrated gastfier and in-bed sulfur removal appears to have 
the potential to be competitive with direct-coal-fired MHD systems when 
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high-sulfur coal is used. 

3.3.8 Closed-Cvcle . luert-Gas Maqnetohvd rod yna mi c Syste ms 

This study xeptesents the first serious attempt to mate the closed-cycle, 
inert-gas MHD system with fossil-fuel- fired heat sources for utilities 
applicaticn. Since there was no data base of results from previous studies, a 
variety of pow rplant configurations were considered, and some of the 
initially chosen configurations did not res:ult in attractive systems. The 
contractors differed in both the powarplant configurations considered and in 
their approach to evaluating the systems performance. The initial 
configurations chosen in the G.f, study were an MHD topping cycle using an 
over-the-fence fuel and a direct-coal- fired parallel cycle. The majority of 
the over-the-fence fuel cases used solvent- refined coal with a conversion 
efficiency of 7B percent. In. the parallel -cycle concept, a fraction of the 
combustion energy is transf erred to a recuperative MUD Bra yt on cycle through a 
refractory regenerative heat exchanger, and the remaining combustion energy is 
transferred directly to the steam holler. A.S the study progressed, G.E. added 
two direct-coal- fired MHD topping cycles. 

The MHD topped steam cycle was the only configuration considered by 
Kestinghouse. The fuel used in the majority of cases was low— Btu gas 
derived f EC ra an on-site gasifier that was closely coupled. IFestinghouse 
evaluated the system performance by doing efficiency calculations for a wide 
range of generator parajneters and then optimizing the thermodynamic efficiency 
for a given generator inlet temperature. The costs were then calculated for 
these optimum efficiency points. 

Besides the different poverplant configurations considered, variations in coal 
type, generator inlet temperature {2<fG0° to 3300o F) , generator inlet pressure 
(10 to 20 atm), generator turbine effectiveness (0.6 to 0.8), and power level 
were also studied. 

The G.E. results for the parallel cycle and the clean pver-th e-fence fuel KHD 
topping cycle (table 3. 3- 1) indicate that these are not attractive systems. 
The overall energy efficiencies for the parallel cycle ranged from 36.2 to 
39.1 percent, the capital costs varied from S16b4/kHe to 3!l886/kKe, and the 
COE from 66 to 73 mills/kW-hr. The powerplant effidiencies for the clean-fuel 
HHD topping cycles are much higher (35 to 46 percent) , but the overall energy 
efficiencies are from 26.4 to 35.9 percent when the coal -to -clean -fuel 
conversion efficiency is considered. The capital costs and COE range from 
$l300/k'rfe to $1535/kWe and from 58 to 66 mills/kW-hr for this configuration. 
The COE'S for the above systems are 2 to 2.5 times that of the G.E. advanced 
steam cases. The best G.B. results were obtained for the direct- coal- fired 
HHD topping sysfems. Two of these cases were considered. The first case, 
with an inlet temperature of 3000° P, an HHD generator adiabatic efficiency of 
0.7, and magnetic field strength of 3. 5 teslas, resulted in an overall energy 
efficiency of 41 .8 percent, a capital cost of S155l/kHe, and a COE of 61.6 
mills/kW-hr, The single iteration made on this configuration, in which 
temperature is 3121° F, HHD generator adiabatic efficiency is 78 percent, 
magnetic field is 4.5 teslas, and the powerplant layout was considerably 
modified, improved the efticiency, capital cost, and GQE to i‘6 percent, 
$1l09/kWe, and 45.6 mills/kH-hTr respectively. 

The Hestiughouse overall energy efficiencies for the LBTH gasifier 
configuration were 46.1 percent at an inlet temperature cf 3800° Band 42.2 
percent at 3100° F. This includes an effective efficiency^ of the 
gasifier/combustion loop combination of about 78 percent. The capital costs 
and COE at 3800° F range from $2228/ktfe to $2434/kWe and from 77 to 85 
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raills/kw-hr. At 3100“ ?, the capital cos'^s were $1912/kHe and the COE was 6B 
mills/kW-hi:, 

There are nc irreconcilable differences between, the G.E. and Hestinghouse 
efficiencies when the different assumptions, operating conditions, and 
conibustion-loOD efficiencies are considered. However, the Hestinghouse 
capital costs" for a nearly equivalent system were approximately .thOO/kHe 
higher than C.E. «s. This difference is mainly due to the differences in the 
costs of the refractory regenerative heat-exchanger system. The Hestinghouse 
design was quite conservative relative to the G.E. designs and to designs by 
EluiDyne obtained fay HASA through a contract with Burns and Roe. Their COF 
could probably be tedueed to approximately h4 mills/kW-hr by using a more 
compact heat-exchanger system. The best configuration considered was the 
direct-coal- fired HUD topping cycle with an efficiency of 46 percent and COE 
of 45.6 mills/kH-hr. Pressurization of the combustion loop should further 
reduce the costs of this system. The LUTB gasifier cases have lower 
efficiencies and generally higher costs than the direct-coal-fired systems at 
equivalent generator inlet temperatures. Hore closely integratiag the 
gasifiEc dnd optitalzing ths ^cotiotnxc^:; coald significantly ifnpcove the inxtia_l 
results obtained for this configuration. 

3,3,9 I, la aid- Metal Magneto hydrodynamic Systeigs 

General Electric and Hestinghouse approached the liquid-metal HHD (LMHHD) 
systems in a similar manner. Both used the two-phase IMHHD power cycle with 
an inert gas as the primary thermodynamic working fluid and a liquid metal as 
the electrodynamic fluid in the MHD generator. At the lower temperatures 
considered (1200° to 1300° F) , G.E. used a He/Na working fluid and 
Hestinghouse used Ar/Ma. Hestinghouse considered the use of both Ar/Na and 
He/li at the highec temperatures { 1400“ to 1500“ F) , but G.E. only used 
He/Li. The roagority of eases studied by both contractors included the use of 
a binary LHHHD/steam cycle, the use of a steam cycle with little regenerative 
feedwater heating, -And the use of pumps to recirculate the liquid metal. 
Cases wei'e included, however, to determine the effect of eliminating the 
liquid-metal pumps. 

Both co-itraetors used modularized MHD generators that are operated 
hydraulically in parallel and electrically in series. The senes connection 
is required to attain a reasonable voltage level for the inverters. 

The contr.ictors approach to the parametric variations differed somewhat. The 
maiority of the Hestinghouse cases used a cyclone combustor, Illinois #6 coal, 
a power level of approximately 1000 MHe, and various liguid-metal-system 
parameters- The G.E. cases mainly treated variations in combustors, fuels, 
and power level. 

The overall energy efficiencies obtained by both contractors were quite 
similar (table 3.3-1), At temperatures of 1200“ to 1300“ F, they ranged from 
33.5 to 37.3 percent, and at 1400“ to 1500“ F from 37 to 39.5 percent. The 
costs were significantly different, however. For the lower temperature cases, 
the G.E. costs were in the range $l450/kHe to $2570/kHe and 77 to 93 
raills/kH-hr, and Hestingnouse’ s were »79G/kHe to S1177/kWe and 
mills/kW-hr. At 1400“ to 1500“ F the ranges were as follows: G.E., 3.250q/kWe 

to $3000/kHe and 92 to 100 raills/kH-hr; Hestinghouse, $1165/kHe to 52140/kHe 
and 45 to 78 milis/kH-hr. 

A detailed analysis of the contractors' costs showed major differences in 
every item. Differences in the costs of such major components as the magnet, 
MHD generator, and power conditioning equipment have been reconciled by 
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consideration of the different design philosophies used by the contractors. 
Westinghouse attempted to minimize the BHD generator* magnet* and liguid— metal 
piping costs in their design approach. Inverter costs differ (G.E. , 5200/kWe; 
Westinghouse, $39/kWe) because G. E. required dc interrupters in their system 
and Westinghouse did not. However, for equivalent powerplants, there are 
still unresolved cost differences of approximately $300 million between the 
contractors’ results. 

The highest overall energy efficiency obtained by the contractors at the 
temperature limits dictated by the present sodium technology (1200° to 1300° 
F) was 37.3 percent. Their results indicate that the maximum potential 
efficiency at these temperatures would be approximately 40 percent. This is 
assuming a generator isentropic efficiency of 0.80, the development of a 
highly efficient nozzle/separator/diffuser, and optimistic system component 
efficiencies. The overall energy efficiency is limited to about 40 percent 
because at these temperatures the liquid- metal BHD system cannot be 
effectively coupled to an advanced steam plant. Because of a pinch-point 
problem in the steam boiler, both contractors found that the highest 
LBM HD/steam system efficiencies were obtained by using a steam plant with 
minimal regenerative feedwater heating and with the steam reheat energy being 
supplied by the combustor. The adverse effect of this coupling is twofold. 
The thermodynamic efficiency of the steam bottoming plant is limited to 
approximately 39 percent, and the system does not derive the full benefit of 
the topping cycle because a portion of the combustion energy is transferred 
directly tc the steam plant. 

At the higher temperature considered in this study (1500° F) , these problems 
may be alleviated. Westinghouse has calculated an overall energy efficiency 
of 43 percent by assuming that the sodium technology can be extended to 1500° 
F and that the system can be coupled to a 45 percent steam plant. The sodium 
vapor carryover could be a considerable problem at these temperatures. 
However* only a few of the higher temperature systems were considered by the 
contractors in this study* and the potential for improvement from better 
coupling with an advanced steam plant at higher temperature is indicated. 
Resolution of the large differences in cost estimates requires more detailed 
component design and plant integration optimization. 

3.3.10 Fuel-Cell Powerplants 

In ECAS Phase 1, three types of low-temperature fuel cells and two types of 
high-temperature fuel cells were studied. comparison of the G.E. and 
Westinghouse work was possible in the case of the low-temperature (375° F) 
phosphoric acid fuel-cell system and in the case of the high- temperature 
(approx 1832° F) zirconia solid electrolyte (SE) fuel-cell system. Other 
iow-temperature fuel cells studied were the solid polymer electrolyte (SPE) 
system by G, E. and an aqueous alkaline (KOH) fuel-cell system by 
Westinghouse. Also included in the Westinghouse study was the relatively 
high-temperature (approx 1200° F) molten carbonate fuel cell. The G.E. study 
included 19 parametric cases with primary emphasis given to low-temperature 
fuel cells; the Westinghouse study included 69 parametric cases approximately 
evenly distributed among the low- and high-temperature fuel-cell systems. In 
this parametric study the influences of powerplant size, fuel type* oxidant 
type, temperature, electrolyte thickness, catalyst loading, and fuel— cell life 
were evaluated, 

3.3.10.1 High-Temperature Fuel-Cell powerplants 

An important part of the high-temperature fuel-cell systems study was the 
utilization of waste heat either by a steam bottoming cycle, the gasifier, or 
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both. These are referred to as "integrated" cases. Such large powerplants 
(250 to 1100 MWe) have potential as central -station base-load electric power 
generators. The Westinghouse overall efficiency results bear this out for 
both high-teraperature fuel-cell systems investigated. For the Hestinghouse 
zirconia SE fuel cell the efficiencies of the integrated cases were between 
47.8 and 53.0 percent. (The 53.0 percent efficiency was reported for the 
well-known Westinghouse "Project Fuel Cell" concept, in which the fuel-cells 
are actually housed inside the gasifier in order to maximize heat and mass 
transfer to the gasifier.) The overall efficiency for the molten carbonate 
fuel cell using a steam bottoming cycle was 46 percent (table 3.3-1). 

The principal sources of high efficiency in high-temperature fuel-cell systems 
are as follows; (1) the increase in reaction rates (reduced polarization) 
brought about by high temperature, which helps the fuel cell to approach its 
theoretical potential for high efficiency, and (2) utilization of high-quality 
fuel-cell waste heat by the gasifier and/or bottoming cycle. The SE fuel-cell 
concepts of G.E. and westinghouse are different. The G.E, approach involves 
thicker solid electrolytes than does the Westinghouse approach. This results 
in higher resistances (lower voltages) and consequently lower efficiencies. 

A compariscn of Westinghouse integrated and nonintegrated high-temperature 
fuel-cell system cases, both molten carbonate and zirconia SE, revealed that 
the overall efficiency gain due to fuel-cell waste heat utilization is 
approximately 15 percentage points. There were no corresponding G.E. 
"nonintegrated" zirconia 5E fuel-cell cases to allow the same ccmparison to be 
made. 

confidence in the efficiency predictions is much greater than in the 
estimation of fuel-cell costs. This is especially true for the 
high-temperature fuel cells, for which costs are based upon limited data for 
small laboratory-size units. However, the fuel-cell configuration is a very 
large number of repeating cells arranged in modules and represents only a 
small extrapolation in size from the laboratory- size unit. 

An uncertain factor that, as expected, has a significant influence upon COE is 
the useful life of the fuel cell. For assumed 10,000-hour lives, Hestinghouse 
estimated costs for a zirconia SE and a molten carbonate fuel cell (each with 
a steam bottoming cycle) to be 40 and 44 mills/kH-hr, respectively. On the 
other hand, with 50,000-hour lives the costs would be close to 3C mills/kH-hr 
for each h igh- tempe raturc system. The G.E. zirconia cost estimates of 42 to 
45 mills/kH-hr are consistent with the Hestinghouse cost estimates. The G.E. 
estimate is based on very long life (100,000 hr), but lower efficiency of the 
G.E. concept raises the overall COS to more than that of the 50, 000- hour 
Westinghouse case. 

Finally, because of the very difficult high- temperature- technology problems, 
the contractors estimate commercial availability not before 1990 for the 
molten carbonate system and not before 1998 for the zirconja SE system, 

3.3.10.2 Low-Temperature Fuel-Cell Powerplants 

Low- temperature fuel cells are less suited for the primary ECAS utility 
application, that is, base-load power generation from coal-derived fuels. 
First of all, the requirements for clean fuel are much more stringent for 
low-temperature fuel cells than for high-temperature fuel cells. Secondly, 
there is less potential for utilization of waste heat in the powerplant at the 
low temperatures. Third, the rate processes are slower at low temperatures, 
and polarization losses are significant at current density levels that result 
in optimum power levels. Ail three conditions reduce the efficiency of a 
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low-temperature fuel-cell powerplant. However, greater utilities applications 
for low-temperature fuel cells are foreseen, cutsiiiie the context of ECA5, for 
non- base- lead service. (A number of these potential applications are 
mentioned in section 3. 10.3.) 

In terms of EGAS, both contractors' studies bear out the lower efficiency 
performance of low-tempa rature fuel-cell systems compared with 
h igh-teuiperaturc systems. In both G.E. and Hestinghouse studies the highest 
overall efficiencies (31 percent) for low-temperature fuel-cell powerplants 
merely approach the lower end of the overall efficiencies of the 

high-temperature system (table 3.3-1). 

Among the low-temperature fuel-cell cases, a direct comparison can be made 
between the G.E. and Westinghousa phosphoric acid high-Btu-f uel (HBTU/air) 
results. Beth contractors considered a phosphoric acid case very similar to 
the 26 -HHg fuel-cell powerplant being proposed for commercial service (Onited 
Technologies Corp. FCG-1) . The G. E, estimate of COE for this case was 52 
mills/kW-hr and that of Hestinghouse was nO mills/KH-hr {both based on 

40,000-hr life). General Electrics* higher COE is attributable primarily to a 

much higher fuel processing cost (S173/kWe) than estimated by Hestinghouse 
($38/kWe). The G.E. fuel processing cost estimate appears high and the 

Hestinghouse estimate appears somewhat low. 

The powerplant efficiencies estimated fay G.E. and Hestinghouse for these cases 
were 30 and 36 percent, respectively. The difference reflects the 

contractors' estimates of fuel-cell efficiency and the degree of integration 
of the fuel cell with the fuel processor. Finally, the overall efficiency 
estimates for these cases were 24 and 15 percent for Hestinghouse and G. E. 

respectively. These reflect the large efficiency penalty to be paid in 

producing HBTO in a gasifier (50 and 67 percent gasifier efficiencies for the 
G.E. and Hestinghouse concepts, respectively). 

Doth G.E.'s and Hestinghouse* s results indicated the significant influence 
that fuel choice had upon both overall efficiency and COE. Hestinghouse 
reports an overall efficiency of 29 percent (a 5- percentage-point increase) 
when IBTtI is used in place of HBTU, the base-case fuel. (This reflects 

directly the more efficient gasification process for producing IBTH.) General 
Electric results for cases using hydrogen show larger improvements over cases 
using HBTO. 

An interesting case in the study of the SPE fuel cell is an SPS operating on 
over-the-fence hydeogen/oxygen and producing 201 HHe. Hydrogen/oxygen is the 
most desirable fual/oxidant combination for maximizing powerplant efficiency. 
Cost of electricity was reduced because the use of hydrogen eliminates the 
need for a fuel processor. 

This G.E, SPE low-temperature fuel-cell case had the highest reported overall 
efficiency for a low-temperature fuel cell (31 percent) and the lowest 
reported COE for any of the G.E. or Hestinghouse fuel-cell cases (31 
mills/fcH-hr) . However, if a calculation of the energy requited to produce 
oxygen is made (to take into account the oxygen-plant power drain upon the 
fuel cell) , it would reduce overall efficiency to an estimated 26.5 percent 
and increase COE to approximately 37 mills/kH-far. In addition, the basic COE 
costs probably reflect an optimistic projection of cell costs and polymer life 
at 30QO F. 

For the aqueous alkaline fuel-cell systems studied by Hestinghouse the results 
indicated higher costs than those of similar phosphoric acid fuel-cell 
systems. First, additional reactant processing is required to guard against 
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carbonation of the alkaline electrolyte. Second, lower power densities are 
obtained with the alkaline fuel cell at 1S3° F than with the phosphoric acid 
fuel cell at 375° F. Hence, fuel-cell costs are higher. The COE for 10,000- 
to 30,000-hour alkaline systems is in the 50- to 6 1-mill/kH-hr range. 

3.3.10.3 Concluding Remarks 

In the primary EChS application of base-load power from coal-derived fuels: 

(1) Improved integration could Lead to reduced COE without efficiency 
penalty. 

(2) Efficiency increases with fuel— cell temperature, that is, proceeding 
from low-temperature fuels cells to the high— temperature molten carbonate fuel 
cell and finally to the very high-temperature zitconia solid electrolyte 
system. 

(3) Scalcup in powerplant size only results in significant redaction in 
COE when it is accompanied by utilization of waste fuel-cell heat through a 
steam bottoming cycle and/or integration with the gasifier. 

(4) The potential for near-term utilities application of fuel-cell 
systems may be as dispersed power generators in peaking or intermediate 
service, taking advantage of the fuel cells’ special features (a) to increase 
overall efficiency of a utility’s energy conversion equipment, (b) to reduce 
transmission costs, (c) to better match capacity to growth requirements, (d) 
to improve system reliability and availability, (e) to meet the needs of very 
small utilities, and (f) to provide total energy savings through on-site waste 
heat utilization. 

3.4 SUMHhBY OF SEHSITIVITY OF RESULTS TO ECONOMIC GROUND RULES 

The ECAS contractors, G. E. and Westinghousc, were provided with common ground 
rules and used common assumptions to achieve comparable treatment in analyzing 
the different power systems. The cost of electricity numbers associated with 
the many parametric points studied are functions of both the technical results 
(e.g. , system efficiency, component cost estimates, and installation material 
and labor estimates) and the specified economic ground rules (e. g. , 
fixed-charge rate, capacity factor, fuel price, and interest and escalation 
rates). Therefore, the powerplant capital cost and cost of electricity values 
can be changed by using different economic ground rules without affecting the 
technical results of the contractors. The power systems comparisons can be 
made by choosing many different sets of econoi.''c ground rules. A number of 
variatious are studied in section 6.2.3. The effect on COE of using ranges of 
fuel prices, fixed-charge rates, capacity factors, and interest and escalation 
rates are studied in section 6.2,3. No major changes in the relative rankings 
based on COE of the different systems occurs when these economic assumptions 
are varied cne at a time over a wide range. 

The major-component, labor, balance-of-plant materials and components, and 
indirect costs and the architect and engineering charges for the pouerplants 
studied in ECAS are in mid-1974 dollars. The COE values presented by the 
contractors were calculated as if construction of each type of plant were 
started in mid-1974. All capital costs before interest and escalation are 
estimated in the same-valued dollars (mid-1974). The interest and escalation 
charges are calculated fay using an S-shaped cash flow curve typical of those 
in references 3 and 4, Because different powerplants have different 

construction times, the relative amounts of interest and escalation added on 
are different. The result is that the total capital costs are in 
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dif ferent-yc*ar dollars for plants with different construction ^riods. In any 
case, the fuel and operating-and-raaintenance charges are in mid-197h dollars. 
This procedure is referred to here as the "common start-of-construction date" 
approach. 

ftn alternative to assuming a common start-of-construction date is to assume a 
common end-of -construction date. In this analysis, 1981 is assumed as the 
end- of-ccnst ruction date. Therefore a system with a 2-year construction time 
has a 1979 start-of-construction date. However, the results of a powerplant 
with a 7-year construction time would not change relative to the common 
start-of-ccnstruction date results, since its start-of-construction date is 
still raid-1974. 

To calculate the COE's based on a 1981 end-ot-const ruction date, the capital 
costs, before interest and escalation are applied, are escalated to a start 
date corresponding to a 1981 end date (e.g., 1979 for a 

2-yr-construction- powerplant) . Then the appropriate interest and escalation 
factors are applied by using the cash flow curve. The fuel charges and 0 and 
P charges are still in raid-1974 dollars. 

The common- start-date and common -end-date analyses are compared in table 3.4-1 
for selected points for each system studied. There is relatively little 
change in the COE's for the various systems, and no new conclusions can be 
stated from the results shown. The COE's based on a common end date increased 
for most systems, with the exception of open- and cXosed-cycle MHD, which have 
7 years or longer estimated construction times. ft better approach, which 
insures comparability of costs, is to deescalate all costs to some common base 
year or, in ether words, to express capital cost in constant mid-1974 dollars. 
A constant-dollar analysis provides a common dollar basis for comparing 
systems that have different start- or end-of -construction dates. It has an 
advantage over the previous analyses in that the on-line date of the 
powerplant is not a factor in the COE values generated but the effect of the 
period of construction is included. 

Since the power plants studied in EGAS have the costs expressed in dollars 
based on their on-line years (i.e., 1976 for 2-year construction, etc.), it is 
necessary to deescalate their costs at the prevailing escalation rate to 1974. 
AS a result, the duration of construction causes the capital cost to increase 
only by the interest paid in excess of the escalation rate. For a more 
detailed comparison of constant-dollar and current- dollar costs, refer to 
section 4.2. 

The constant-dollar COE's for selected G. E. and Hestinghoiise cases are 
presented in table 3,4-1. There is a large effect on COE for many of the 
systems of both contractors, with the largest change seen in the high- 
capital-cost systems. In current dollars, the COE's for these systems 
decrease because their escalation charges on capital arc proportionately 
larger due to the high capital cost of components and longer construction 
times. In constant dollars this inflationary increment does not exist. 
Conversely, the COE’s for the lower- capital-cost systems do not change much 
when constant dollars ate used partly because the capital component of COE for 
these systems is not a large portion of the total COE, Also, these systems 
are generally characterized by short construction times, and the escalation 
during construction is not a large contributor to capital cost. 

The constant-dollar versus current-dollar analysis presented so far compares 
the on-line COE's for the various systems. This is a method of evaluating 
competing concepts often used by utilities as an important criterion for 
purchase. Generally the higher-efficiency systems suffer from an economic 

DEIGINAL PAGE IS 
OP POOR QUALITY 


29 


viewpoint, because of large initial capital costs. In the long run, it might 
be expected that the higher efficiency systems would become more favorable 
economically in an inflationary period through their more efficient use of 
increasingly expensive fuel. Thus an average-powerplant -lifetime COE using 
constant dollars was also studied. 

The Phase 1 powerplants were assumed to have a 30-year lifetime, so average 
COE'S for the total 30-year lifetime of the plants have been calculated by 
NASA. The 30-year average COE is defined as the total bus-bar cost of 
producing electricity for 30 years divided by the total amount of power 
produced during that lifetime. During that 30- year span, two different 
inflation rates, 3.25 and 6.5 percent, are assumed here. Note that, if the 
inflation rate were zero over the 30-year plant lifetime, the average lifetime 
COE would correspond to the constant-dollar analysis just discussed. The 
capital component of COE is reduced when considering an average plant lifetime 
and an inflation rate during its lifetime. This is because the capital 
portion is a fixed charge dependant on the initial capital cost of the plant 
and the fixed-charge rate, which as for the contractors is assumed to be 18 
percent as specified by the study ground rules. With an inflation rate 
greater than zero, the constant-dollar COE decreases during the plant life 
because of the decreasing constant-dollar value of the fixed capital charges. 
Again for a more detailed discussion of average lifetime COE's refer to 
section 4.2. 

Assuming constant dollars, the average COE's for the powerplants studied by 
the contractors are presented in table 3.4-1 for inflation rates of 3,25 and 

6.5 percent. Dnder this assumption, many of the higher cost systems now have 
more-favorable COE's. The Westinghouse open-cycle 1BD case has the lowest COF 
of all systems; the other MHD cases, along with supercritical carbon dioxide 
and liquid-metal Rankine have considerably lower COE's when compared with the 
current-dollar, common start-of-constcuction date analysis. This is more 
graphically illustrated in figure 3.4-1. In parts (a) and (c) , the effect of 
overall efficiency on COE is shown for selected points from the O.F. and 
westinghouse studies (solid circles) using current-yi ar dollars and the common 
start-of-construction date assumption. In parts (b) and (d) , the- average 
lifetime COE’s are presented ror the same points using constant dollars. Here 
the difference in COE between the two approaches is more clearly seen. The 
relative positions of tho power systems have changed because of the large 
decrease in the COE's of the iiigh-capi tal-cost, high-efficiency systems and 
the relatively much smaller decrease for the lower-cost systems. 

Although the variations presented here have not been exhaustive, the economic 
assumptions are clearly impor^-ant determinants of the final results. Also, 
the ECA5 results can be used in many ways because the assumptions and data are 
clearly displayed and reaiily separable. Different comparisons can be made 
using different economic assumptions without affecting the performance data 
while providing additional perspectives on the relative competitiveness of the 
various systems. 

3.5 oElBCTION OF 3YSrEMS F06 PKA3E 2 DESIGN AflD ANALYSIS 

This section describes the process used to select the Phase 2 systems. 
Initially, the Interagency Steering Committee obtained recommendations from 
the Utility Advisory Panel and each of the two contractors (refs. 1 and 2), 

together with recommendations from the Lewis proiect team. This was 

accomplished as a part of the public brieting following the Phase 1 
presentation of results in Hay 1975. On the basis ot these inputs and the 
perspective obtained directly from the data presentation, the Interagency 
Steering Committee subsequently selected the systems for Phase 2 conceptual 
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flesiijn, as shown in tabic 3,5-1. The selection of systems was not constrained 
by any given time frame tor commercial implementation but rather to the 
potential for .ioriving the greatest national benefit from advanced 

technologies showing the most promise for economical production of electricity 
with increased efficiency. This table also indicates the assignment of these 
systems by contractor. The assignment of systems was based on programmatic 
consideratiens. 


The Utility Advisory Panel in their deliberations established the following 
set of criteria against which the various systems in Phase 1 were evaluated; 

(1) System suitable for commercial availability by 1990 

{ 2 ) Emphasis on systems that will result in lower capital intensiveness 

(3) Minimal technical barriers to assure probability of success 

(4) Cost of do velcpment against impact on ultimate economics and energy 
independence 

(5) Applicability of cycle to integrated or over -the-f ence fuels 

(f?) Flexibility of combustor to accept multiple choice of fuels 

(7) Emphasis on cycles promising low relative cost of electricity 

(8) Strong emphasis on environmental intrusion factors that promise 
minimal waste disposal quantities and qualities besides meeting conventional 
regulatory standards 

On the basis of these criteria the panel made the following recommendations 
for consideration by the Steering Committee; 

(1) Class I - candidates strongly recommended for Phase 2: 

(a) Advanced steam with pressurized- and atmospheric-f luidized-bed 
furnaces and steam conditions limited to 1200® P and 3500 psig 

(b) Simple and recuperated open-cycle gas turbines with 
over-the-f ence, integrated fuels 

(c) Combined open-cycle gas turbine/steam turbine with blade cooling 
(air and water) and over-the-f ence, integrated fuels 

(2) Class II - candidates that do not generally meet the panel's criteria 
but may show promise upon further detailed examination (in the 1990 's) 

(a) Open-cycle KHD/stcam, direct coal fired 

(b) Combined closed- cycle gas turbine/steara turbine using inert gas 
(not metal vapor) and integrated fuels in a conventional furnace 

(c) simple low-tc-raperature fuel cells with over-the-fence fuels 

(3) Class III - It is also recommended that those systems studied in 
Phase 2 that appear to be suitable for peaking or intermediate operation be 
reoptimized for such service. 

As can he seen, the systems recommended by the Otility Advisory Panel were, 
tor the most part, incorporated by the Steering Committee into Phase 2 of 
ECAS, The. exceptions were class T system b and class II system c. In both 
cases the Steering Committee judged these systems to be more attractive for 
other than base-load applications. In addition, the technology advancement 
for the open-cycle gas turbine systems was judged to be adequately covered by 
their inclusion in the combined-cycle application of Phase 2. The class III 
recommendation was not included because of funding and schedule limitations. 
However, the Steering Committee agreed that evaluation of peaking and 
intermediate applications is an important consideration that might better be 
treated in fcllcw-on studies. 

The molten carbonate fuel cell is a special case. On the basis of Phase 1 

results and review by Lewis, the Steering Committee selected this concept to 
be included in Phase 2. However, it was recommended that the United 
Technology coep. (UTC) - Power Systems Division perform the conceptual design 
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on the basis of their unique background and current effort in this technology. 
As a result. Burns and Hoe, already under contract for A-E support to ECA3, 
was directed to provide this conceptual design with OTC perfornang the power 
systems design under subcontract. This system includes a low-Btu integrated 
gasifier, the design of which will be provided by the Institute for Gas 
Technology (IGT) . 

The fact, that a system was not selected does not necessarily imply that no 
further consideration is •-•arranted. Systems not selected generally fall into 
two categories: 

(1) Those systems tor which the technology or design base was 
insufficient to permit, within given resource constraints, the ability to 
adequately treat the system at a conceptual design level (In most of these 
cases, recommendations are made in section 5.0 for the focus rf future 
efforts. ) 

(2) Those systems that could not be expected to show their maximum 
potential on a comparative basis for the study emphasis, which is primarily 
aimed at large, central-station, base-load powerplants 
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TABLE 3.3-1. - RANGE OF RESULTS 



LO 

CjJ 


System 

General Electric 

Westmghouse 

Cost of 
eiectricity, 
mills/k\V-hr 

Overall 

energy 

efficiency, 

percent 

Powerplant 

efficiency, 

percent 

Cost of 
electricity, 
mills/kW-hr 

Overall 

energy 

efficiency, 

percent 

Powerplant 

efficiency, 

percent 

Acivaneei) steam 

30 - 38 

34 - 40 

34 - 40 

21 - 35 

34 - 43 

34 - 43 

Open-icyele gas turbine: 







No bottoming 

31 - 37 

15 - 19 

31 - 37 

28 - 42 

12 - 22 

25 - 44 

Organic bottoming 

33 - 39 

20-22 

42 - 43 

33 - 36 

22 - 24 

42 - 48 

Combined cycle 

23 - 33 

21 ~ 37 

34 - 48 

24 - 34 

20 - 42 

38 - 49 

Closod-cvcle gas turbine: 







No bottoming 

34 - 49 

15 - 34 

26 - 34 

30 - 50 

14 - 34 

29 - 37 

Organic bottoming 

38 - 43 

35 - 38 

35 - 38 

35 - 45 

17 - 22 

35 - 43 

Steam bottoming 

30 - 45 

30 - 34 

30 - 33 

30 - 43 

10 - 38 

33 - 44 


50 - 7^ 

35 - 41 

^5 ^ 




Lit|uid-metai Hankinc 

40 - 61 

34 - 41 

34 - 41 

29 - 37 

32 - 43 

32 - 43 

Open-cycle MUD 

41 - 48 

40 - 53 

44 - 57 

27 - 42 

44 - 54 

44 - 54 

Closed-cycle MIID 

40 - 73 

26 - 46 

35 - 46 

68 - 80 

41 - 40 

41 - 50 

Liquid-metal MIID 

58 - 110 

17 - 39 

28 - 39 

34 - 78 

34 - 39 

34 - 39 

Fuel cells: 







High temper.ititre 

42 - 45 

24 - 34 

24 - 34 

35 - 60 

27 - 53 

32 - 70 

Low lempei'ature 

31 - 60 

13 - 31 

25 - 51 

12 - 00 

24 - 31 

30 - 38 

















TABLE 3.4-i. - SENSITIVITY OK COST OF ELECTIUCITY TO DIFFERENT ECONOMIC GROUND RULES 


System 

Type of 
combustion 
(fud) 

Advanced steam 

AFB (coal) 
PFB (cool) 

Open-cycle gas turbine: 


simple 

GT combustor 
(ilDTU) 

Recuperated 

GT combustor 
{disUUatc) 

Organic tiattomlng 

GT combustor 
UIBTU) 

GT combustor 
{dlstniate) 

Combined c^’clc 

LQTU integrated 
gasifier (coal) 

Closed-cycle gas turbine: 


Recuperated 

AFB (coal) 
PFB (coal) 

Steam bottoming 

PFB (coal) 

Organic bottoming 

AFB (coal) 

Suporcrttical CC^ 

PFB (coal) 

Lfquld-mctal Ranhlnc 

PFB (coal) 

Open-cyclo MUD 

Direct combustor 
(cwil) 

Closed-cycle MUD 

Direct combustor 
(coal) 

LBTU integrated 
gasifier (coal) 

Liquld-melat MHO 

PFB (coal) 
Direct furnoco 
(coal) 

Low-temperature fud cdls: 


Solid polymer dcctrolyto 

Hytirogcai/oxygen 

Phosphoric acid 

lIDTU gas 

tligh-tompuniturc fuel eells 

LBTU Inlcgralctl 

tsulld dcctrolytc) 

gasifier (coal) 
mru gas 


Ccnorol Electric 


Contract 


Results based on - 


results 

Common 
end date 

Constant 

mld-1974 

dollars 

Average 30-year 
lifetime for 
inOatlon rate of - 




3.25 

G.5 




percent 

percent 

29.8 

31. B 


19.3 

16. C 

31.2 

33.4 

3U.7 

28.9 

2B 

33.7 

37.3 

32.2 

28.0 

27. 3 

22.9 

36 

20.5 

10.0 

14.9 

33.7 

.77.7 

28.3 

22.3 

19 






42.1 

45. G 

33.2 

25,1 

20.8 

5G.9 

62. 2 

43.3 

31.2 

24. G 

30.6 

41 

30-2 

23.2 

19.4 

41.7 

41.4 

20. G 

22 

17.9 

Gl.D 

61 

43.7 

32.0 

2G.5 

70 

72.8 

50.9 

36.9 

20.2 

31.3 

33.2 

20.8 

27.6 

26.4 

45 

4G.S 

35 

27.6 

23.5 


Contract 

results 


WostInK)ioudc 


Results based on - 


Common 
end date 


Constant 

mId-1374 

dollars 


Average 3U-year 
lifetime for 
InRatlon rate of - 


3.25 

percent 


G.5 

percent 


22.5 


33.3 


34.3 


3S.4 
31. G 


27.8 

27.1 


83.5 


34 


41.5 


35 


24.7 


27.5 29.8. 


37. G 


28 


40.4 

.35.4 


29.3 

2G.9 


47.5 


41.5 


19.2 


:n.6 


21.1 


29.7 

2G.I 


21.8 

19.7 


46.6 


10. .3 


.33.7 


15.7 


24. G 


27.8 


IG.G 


22,7 

20.1 


re. 9 
15 


19.2 


35.7 


28.8 


23.5 


14.2 


19 

10.9 


14.2 

12.5 


25.4 


IG.l 


33.1 


20.1 



34 























































































TABLE 3.5-1. - PHASE 2 SYSTEM SELECTION 


Contractor 

System 

General Electric 

Advanced steam with AEB 

(3500 psi/l000° F/1000° F steam conditions) 

Advanced steam with P FB 

(3500 psi/l000° F/l000° F steam conditions) 

Combined cycle with low-Btu integrated gasifier 
(2500® F; air cooled) 

Combined cycle with semielean fuel 
(3000® F; water cooled) 

Open- cycle MHD (direct coal fired) 

Liquid-metal Rankine topping cycle 
(potassium; PFB) 

Closed-cycle gas turbine (1900® F; helium) 

Westinghouse 

Advanced steam with PFB 

(3500 psi/lOOO® F/lOOO® F steam conditions) 

Combined cycle with low-Btu integrated gasifier 
(2500° F; air cooled) 

Combined cycle with semiclean fuel 
(2500° F; ceramic) 

Bums and Hoe /UTC 

Molten carbonate fuel cell combined cycle with 
low-Btu integrated gasifier 
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Figure 3. 1-L -Generalized requirements for various systems. 



Figure 3. 1-2. - Interaction of components and balance o! plant on design concept and cost 
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4.0 GSHERAL APPROAC H AMD SCOPE 


The cosmon and consistent treatment of systems in Phase 1 of EGAS nas achieved 
through use of common specifications and ground rules. This section first 
describes the ground rales specified by NASA and then discusses the impact of 
the economic ground rules and the sensitivity of the cost of electricity to 
changes in various ground rules. Alternate economic ground rules are also 
discussed. 


4.1 NASA LEWIS SPECIFIED GROUND ROLES 
by Robert P. Higra 

The Lewis Research Center, with the help of supporting agencies such as ERDA, 
PERC, and EPA, specified ground rules for the ECAS study in areas such as 
fuels, fuel costs, labor costs, method of cost comparison, escalation rates, 
interest rates, fixed charges, emission standards, environmental ambient 
conditions, transmission voltage and frequency, capacity factor, and 
availability. The specified ground rules common to both contractors are 
described in ♦•he following sections. 


1 Coal Specifications 

Three coals were specified for ECAS: namely, Illinois #6 (Macoupin County], 

Montana subhituminous (Rosebud County), and North Dakota lignite (Mercer 
County). The specifications for these coals are shown in table 4,1-1. 


4.1.2 Fuel Costs 

In addition to the direct combustion of coal, various coal derivatives were 
defined. These include high-, intermediate-, and low-Btu gas, liquid 
distillate, semicLean solvent- ref ined coal (SRC), hydrogen, and methanol. The 
costs of the three types of coals and derivative fuels ate listed in table 
4.1-2. In addition to fuel cost, table 4.1-2 gives conversion efficiency 
(coal to fuel type) associated with each coal fuel derivative as selected by 
the contractors. It is evident- that the contractors differed considerably on 
fuel conversion efficiency, 

Lewis also provided cost information on oxygen. The cost of oxygen to be used 
in ECAS averaged $9. 00/ton delivered, with a range of S5. 00/ton to $15. 00/ton. 

Both contractors were also directed to integrate a gasifier with the total 
powerplant when using low-Btu gas as it was considered nontransportable for 
long distances in an economic sense. Therefore, cost and conversion 
efficiencies for low-Btu gas are not included as a common ground rule for 
ECAS. 

The fuel costs specified for ECAS Phase 1 were arrived at from a consideration 
of contractor recommendations, consultation with PERC, and data obtained by 
the Lewis Research Center. The use of different fuel conversion efficiencies 
by the contractors for the same coal-derived fuel (high- and intermediate^Btu 
gas, hydrogen, and distillate) was an oversight and should not have occurred,; 
It was recognized that fuel costs are uncertain. A range of fuel cost whs 
specified for which sfensitivity analysis would show the importance of fuel 
cost to COE. 
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4.1.3 Labor Costs 


A co«posite labor rate of $10.60/hour, representative of a cosbinefl 
civil/mechanical/electrical rate, was used for all construction-site-labor 
hours in EGAS cost estimates. This was based on a survey of rates applicable 
to the utilities industry and was selected as a weighted average for a 
"Hiddletown, USA," construction site. 


4.1.4 Method of Cost Compariso n, Escalation , and Interest 

All cost estimates developed for EGAS Phase 1 were based on mid- 1974 dollars. 
The effect of construction time on total capital cost was evaluated by 
applying an escalation factor of 6.5 percent per year on unused funding and an 
interest rate of 10 percent per year compounded quarterly on committed 
funding. Fuel costs were maintained constant in aid-1974 dollars regardless 
of construction time. 

The EGAS contractor results compare the various system costs based on a common 
start- of-ccnstruction date throughout. In the common 
start-of-construction-date method, mid- 1974 estimated capital^ costs ace 
escalated by 6.5 percent per year and for the use of these capital fundsan 
interest rate of 10 percent per year is charged. The actual cost escalation 
and the interest charges will depend on the cash flow required during the 
construction period. The cash flow curve that was applied to the various 
conversion systems in EGAS is shown in figure 4.1-1, ^ It is the typical 
s-shaped logistics curve used in references 3 and 4. Typical cash flow curves 
for energy conversion systems requiring various construction times are shown 
in figure 4.1-2. 


4.1.5 Fired Charges 

A fixed charge of 18 percent per year was used in the EGAS study over a 
depreciation life of 30 years. The 18 percent rate included the following: 


Item 

Cost of money 
Federal income tax 
Deprecia tion 
Other taxes 
I nsu ra nee 
Hor Icing capital 


Rate (percent /yr) 

7.5 
4. 1 
3,3 
2.8 

.1 

.2 

Total 18.0 


The fixed-charge rate was provided by the Utility Review Panel. 


4-1.6 Emission Sta n dards 

The emission standards specified for Phase 1 of EGAS were established after 
consultation with EPA. These standards corresponded to existing national 
emission standards for fossil steam— generating units of more than 250 million 
Btu per hour heat input. The intrusion in pounds per million Btu heat input 
allowed for sulfutous oxides (SOX), nitrous oxides (HOX) , and particulates is 
as follows: 
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Fuel 


Lb/HBtu 


Pollutant 

SOX 


NOX 


Particulates 


Solid 

Liquid 

Gaseous 

Solid 

Liquid 

Gaseous 

All fuels 


1.2 

.R 
. 2 
.7 
. 3 
.2 
. 1 


4.1.7 Environmental Conditions 

A Middletown, USA, site was selected for the powerplants of ECAS. The 
percent summer environmental conditions were speciCied for this site for use 
in sizinq and estimatinq the cost of the heat rejection systems. These 
conditions are as follows: 

(1) Coding water temperature, 75° P 

(2) Air teoiperature (wet bulb), 77° F 

(3) Air temperature (dry bulb), 93° F 

(4) Ambient air pressure, 1.00 atm 

(5) Performance based on average-day condition of 59° F 


4.1.8 Miscellaneous 


There are a number of miscellaneous items specified by Lewis that are 
important to the ECAS study: 

(1) Capacity factor: A capacity factor of 0.65 was specified for 

base- load economic studies. The range recommended for parametric 
variation was from 0.50 to C.80. 

(2) Availability: A target of 90 percent was specified but did not 
impact Phase 1 results. 

{3} Power; Base- load power delivered by the ECAS powerplants was 
specified as 500-kilovolt, 60-hertz ac power suitable for transmission. 
Smaller plants in limited cases were studied at low voltages. 

(4) Higher heating values for all fuels were used in determining 
efficiencies. 


4.1,9 D ata Forma t 

A common format was proviaed to the contractors for the Phase 1 results in 
order to ease the problem of screening and selecting systems for Phase 2 of 
the study. The format for Phase 1 data is shown in table 4. 1-3. 
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(1.2 3C0N0HIC GfiODHD RULES ASO SENSITIVITY TO CHANGES 
by Richard H. Donovan 

The Phase 1 systems analyses performed by General Electric and Hestinghouse 
included estimates of capital cost, construction duration, system efficiency, 
operations and maintenance (0 and (1) costs, and the cost of electricity (COE) 
at the bus bar. Some of the ground rules used in the study during Phase 1 are 
summarized in table 4.2-1. To oxamine the sensitivity of system economics to 
the ground rules, common costing methods are needed. The COE's developed by 
the contractors in Phase 1, according to the study ground rules, assumed that 
all systems have a common start- of-construction date (mid-1974) . Since 
different types of systems were estimated to have different construction 
periods, this resulted in different on-line dates and therefore costs in 
different-year dollars following the escalation and interest accrual during 
construction. In computing the COE, the contractors used the interest rate 
and the escalation rate as specified by the contract. However, the method for 
computing interest and escalation during construction was not specified and, 
as a result, slightly different methods were used by >he contractors, 
resulting in slightly different estimates of escalation and interest costs 
during construction. In accordance with the contract ground rules, capital 
costs were escalated, while fuel and 0 and M costs were not escalated. Also, 
all COE ccmputations by the contractors were based on a common start of 
construction time of raid-1974. The result is that plants with different 
construction durations ccme on line in different years; thus, the construction 
costs are not in mid-1974 dollars hut in different-year dollars, depending on 
on-line date. 

There is another approach to computing the COE’s of the advanced powerplants 
being studied in ECAS that will enable comparisons to be made on a more common 
basis. The approach includes a methodology for computing and comparing COE's 
and uses constant raid-1974 dollars. The terra constant-year dollars refers to 
dollars that may be expended over a number of years but that are measured in 
terras of their equivalent purchasing power in seme reference year - in this 
case mid-1974. Thus, under inflationary conditions, future-y*ear dollars need 
to be deflated to mid-1974 to express them as constant raid- 19 74 dollars. The 
term current-year dollars is also used in the following discussion and refers 
to the actual dollar cost in the year of the expenditure. 

This section then examines the sensitivity of cOE to coal price, escalation 
rate, powerplant efficiency, capacity factor, fixed capital charge factor, and 
capital cost. These sensitivities are determined for three example systems 
for illustrative purposes. These three systems, referred to as systems A, B, 
and c, are described in table 4.2-2. They may be broadly thought of as 
representing advanced steam, combined cycle with integrated gasifier, and 
open-cycle KHD systems, respectively. They do not represent actual data from 
the contractor results. In section b.2. 2 the economics of the actual systems 
ace discussed, and the methods used here are applied. 


4.2.1 I nterest and Esca lation of C apital C osts durin g Con str uc t io n 

In computing escalation and interest during construction the S-shaped 
cumulative cash flow curve from reference 3 was used (fig. 4.1-2). The 
approach in using this curve is similar to that of reference 4. The method 
involves dividing the total cash flow, as described by the S-curve, into IOC 
equal increments (100 equal payments). For each at these payments, the time 
in years, of the midpoint of the increment, was obtained from a continuous 
curve fit of the cash flow curve. The contribution due to escalation and 
interest was ccniputed for each increment and the increments appropriately 
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summed. The escalation and interest rates were assumed to be constant during 
the design and construction period. Escalation was assumed to be compounded 
annually, while interest was compounded quarterly. The resulting escalation 
and interest factors are shown in figures 4.2-1 and 4.2-2 along with those 
used by the contractors for Phase 1. The total factor, or effect of 
escalation and interest on the capital costs, estimated prior to construction 
may be very closely approximated as the product of the two separate factors. 
The resulting total capitalization of a plant, then, is the total capital 
outlay including escalation and interest until the time the plant is on line. 


4.2.2 S tart-of-Con s truc tio n Time 

The total capitalization costs were computed by the contractors for a common 
start of construction (design and construction) of mid- 1974. As a result, 
powerplants with different construction periods will be completed at different 
times. This results in noncomparable capital costs. As an illustration, 
consider two plants, X and Y, with construction durations of 4 and 7 years, 
respectively. Assume that the total capitalization (including all escalation 
and interest) for each plant is $400/kHe and that each plant begins its 
construction period in mid-1974. Plant X is on line in mid-1978 with $400/kHe 
liability, and plant Y is on line in mid-1981 with $400/k»e liability. If 
there were no general inflation, a presumption inconsistent with 6.5 percent 
escalation and 10 percent interest rates, the plant X and plant Y liabilities 
might he looked upon as equals. In an inflationary environment consistent 
with the escalation and interest rates used in the study, the mid-1981 
indebtedness is significantly less than the mid-1978 indebtedness since it 
will be paid in '‘cheaper" dollars. To avoid this inconsistency, the capital 
cost for each system nay be computed, for a common on-line date. Costs 
estimated from mid-1974 until the start of construction assume a 6,5 percent 
escalation charge - the same as during construction. 

The variations of COE with time, in current-year dollars, of a powerplant 
"costed" in raid-1974 with a construction time of 4 years and on line in 
raid-1981, is illustrated in figure 4,2-3. The costs are for example system B 
and show equivalent bus-har COB in current-year dollars (not constant dollars) 
during the preconstruction time, construction period, and life cycle. A 
common rate of inflation ot 6.5 percent per year was assumed for each 
component of COE (i.e., capital, fuel, and 0 and H costs). In mid-1974 the 
estimated construction cost ot $350/kWe is equivalent to a fixed charge of 
11.06 raills/kW-hr. Operation and maintenance costs are 2.5 tnills/kK-h c, and 
fuel cost is computed as 7.25 mills/kH-hr for coal at SO. 85/HBtu and a 0,40 
overall system efficiency. 

By the time construction starts in raid- 1977, all costs have escalated at 6.5 
percent pet year. Ouring the following A-year construction period, the 

capital costs increase due to escalation and interest charges, with cash flow 
following the S-shaped curve of figure 4.1-2, while O and W and fuel costs 
continue to escalate at 6.5 percent per year. By raid-1981, when the plant 
goes on line, the actual construction costs have escalated from the original 
estimate of $350/kWe to a raid-1981 value of S5B0/kHe. The COE’s due to 
capital, fuel, and 0 and M costs are 18.3, 3.9, and 11.3 mills/kH-hr, 

respectively - for a total COE of 33.5 mills/kW-hr in mid-1981 dollars. Once 

the plant goes on line, capital charges are fixed at 18,3 mills/kH-hr, while 
fuel and 0 and H costs follow general price escalation. With a 6.5 percent 
general escalation cate, this has the effect of decreasing the relative 

significance of the capital component of COB with time. Thus, while the 
capital component represents 55 percent of the total COE in mid-1981, by 
mid-life of the plant (raid-1996) it represents only 32 percent of the total 
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cost. 


To validly coapare the COE's of different plants^^ they nust be quoted in 
dollars having equivalent purchasing power. The use of constant-year dollars 
permits ccaparinq the costs of plants with different on-lxne dates by 
deescalating costs to a common reference year. In addition, deescalating 

costs results in more familiar cost values, consistent wxth today's 

experience. Ill COE comparisons in this section are made on the basxs of 
mid- 1974 dollars. 


To illustrate the differences between escalated current-year dollars and 
mid-1974 dollars, figure 4.2-3 was reconstructed in terms of mid-1 974 dollars 
(fig. 4.2-4) . Each cost component of COE was deflated at the escalation rate 
back to fflid-1974: thus, the relative values of the components remaxn 

unchanged. In addition to the 6.5 percent escalation rate used xn fxgure 
4 2-3, rates of 3.25 percent and zero during plant lifetime are also shown for 
comparison purposes. With a general cost escalation rate during the plant 
life-cycle greater than zero, the constant-dollar COE decreases during the 
plant life because of the decreasing constant-dollar value of the fxxed 
capital charges. The COE at the on-line date is 21.6 mills/kW-hr, wxth the 
rise during construction attributable to interest charges on capital 
expenditures. The use of constant dollars results in the escalation ^of 
capital costs by only the cost of money in exce ss of the general escalation 
rata. Thus, for the Phase 1 ground-rule rates of 6.5 percent escalation and 
10 percent interest during construction, the effective constant-dollar 
increase is approximately 3.5 percent per annum on funds expended in 
accordance with the cash flow curve. The effective incremental rate differs 
from exactly 3.5 percent because the construction interest changes are 
compounded quarterly, while escalation and deescalation rates are compounded 

annually. 


4.2.4 COE Sensitiv i ties 

A single figure of merit - the average cost of electricity - is used in this 
section t.o represent the cost of electricity over a powerplant life-cycle. 
The average COE is the quotient of the total bus-bar cost of all electricity 
generated during the life cycle of a plant and the total generation (in 

kW-hr). The effect of cost escalation during the 30- year life cycle on the 
average COE is illustrated in figure 4.2-5 for each of the three example 
systems, with the ground rules of table 4.2-1 observed. Remember that these 
costs are in mid-1974 dollars and that the use of constant dollars has the 
effect of making the escalation of capital costs during construction 
independent of a specific escalation rate and only a function ^ 

difference between escalation and interest. As stated earlier, 
constant-dollar capital costs escalate during construction by only the cost of 
money in excess of the general escalation rate {about 3.5 percent for the 
Phase 1 ground-rule rate of 6.5 percent escalation and 10 percent interest) . 
Thus, a 12 percent escalation rate, for example, would imply an interest rate 
during construction of 15.5 percent. This is not unpasonable since interest 
rates should rise along with general escalation. The curves in figure ‘‘•2 
retlecfc the decreasing constant-dollar value of the capital cost component of 
COE as escalation increases. This decrease is more pronounced for the higher 
capital cost systems. These curves may also be viewed in terms of the 

in?retsiSg inflLnce of fuel prices and 0 and M costs relative to capital 
costs as escalation increases. Thus, at a zero cost escalation rate «hich 

average COE is equivalent to the COB at plant startup) , a 

in fuel cost and/or 0 and « costs of some 11 raills/kH-hr would be needed to 
bring systems c and B to an economic parity. At a 6.5 percent escalation 
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rate, this real-dollar cost increase need be only 5 mills/kW-hr j at 12 
percent, only 3 raills/KW-h r. 

The effect of coal price on the three example systems is examined in figures 

4.2- 6, 4.2-7, and 4.2-8 for 0, 3.25, and 6.5 percent general cost escalation 
during the plant life-cycle. Shown on each abcissa, along with the mid-1974 
coal price, is a scale of the equivalent annual incremental fuel-price 
escalation rate as applied to the $0.B5/MRtu coal. This equivalent 
incremental coal— price escalation rate is over and above the general 
escalation cate starting in (ril-1874 and continuing throughout the entire 
plant life-cycle that would result in the same average COE as with the 
indicated constant-dolla r fuel price and no incremental escalation. 

The three different escalation rates of 0 , 3,25, and 6.5 percent were used to 
illustrate the sensitivity of COE to escalation. However, as a long-term 
rate, 6,5 percent, while comparable with today's level, is judged to be 
excessive, and no escalation seems highly improbable. The 3.25 percent rate 
is judged to be more representative of a long-term escalation rate and is 
featured in the subsequent comparisons. Hith this "moderate" inflation rate 
of 3.25 percent, figure 4.2-7 indicates that constant-dolla r fuel prices of 
$2.50/HBtu and 15. 00/MB tu are needed to allow system C to economically compete 
with systems A and B, respectively. These constant-dollar prices are 
equivalent tc real coal-price escalation rates of 4.7 and 7.5 percent, 
respectively, for plants on line in 1901. 

The effective real coal-price escalation rate that yields the same life-cycle 
average COE as an unescalating constant-dollar fuel price varies depending on 
the on-line date of the plant. The later the plant goes on line, the greater 
will be the period over which the constant-dollar price of fuel escalates. To 
illustrate this effect, a constant-dollar fuel price of $2.50/MBtu is 
equivalent to escalating (real escalation) an $0.85/KEtu fuel by 4.7 percent 
per year for a plant on line in 1981 and by 3.3 percent per year for a plant 
on line in 1991. In each case, the fuel price escalates from mid-1974 to the 
end of plant life, 2011 and 2021, respectively, A plot of equivalent 
incremental or real fuel price escalation against on-line date for several 
assumed mid-1974 fuel prices is shown in figure 4.2-9. 

The sensitivity of average COE, in mid-1974 dollars, to change in system 
efficiency is illustrated in figure 4.2-10 for a 3.25 percent cost escalation 
and two coal price levels, $0.85/MBtu and $2.55/HBtu, Average COE proved to 
be relatively insensitive to efficiency changes (*20 percent) for the lower 
coal price but noticeably more sensitive at triple the coal price. The 
competitiveness of systems A and C is again evident at the $2. 55/(IBtu level. 

The sensitivity of average COE to several capital cost parameters was next 
examined for the three example systems. The parameters investigated were 
capacity factor, fixed capital charge rate, and changes in the magnit-ude of 
capital costs (prior to adding escalation and interest during construction). 
Since COB is proportional to the last two variables and inver^ly proportional 
to the first, the nature of the sensitivities is fairly predictable. Each of 
the variables was examined for 6,5 and 3.25 percent cost escalation rates, 
representing rapid and moderate deflation of capital charge influence, 
respectively. The sensitivity of average life-cycle COE to capacity factor is 
shown in figures 4.2-11 and 4.2-12 for 6.5 and 3.25 percent cost escalation 
rates, respectively; to fixed capital charge rate in figures 4.2-13 and 

4.2- 14; and to changes in capital cost in figures 4.2-15 and 4.2-16. 
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4.2.5 Concluding Rgmarks 


TO oxantine the sensitivity of system costs to ground rules and to cost 
coiauarisons within and between systems, common methods of estimating COE are 
needed. The COE's developed by the contractors in Phase 1, according to the 
study ground rules, assumed that all systems have a common 
start-of-construction date (aid- 1974) . Since different types of systems were 
estimated to have different construction periods, this resulted in di_ferent 
on-line dates and therefore costs in different-year dollars following the 
escalation and interest accrual during construction. 


This section has presented an approach for compuUng the COE's of the advanced 
pawerplants that enables comparisons to be made on a more common basts. The 
approach includes a methodology for computing and comparing COE's and ups 
constant (mid-1974) dollars for all comparisons to avoid the difficulties 
inherent in using current-year dollars. The approach incorporates (1) the 
S-shaped cumulative-cash-f low curve from reference 3 (fit with a conpnuous 
curve); (2) annual compounding of escalation and quarterly compounding of 
interest during construction; (3) a common en d-opconstruction date, or 
on-line time instead of a common start-ot— construction date; and (4) use of 
average life-cycle COE rather than the COS at beginning of life. 

Using the average life-cycle COS in an inflationary environment has the effect 
of lending more weight to fuel price, plant efficiency, and 0 and H costs than 
does using the beqinning-of-life COE. The reason is that the fixed-rate 
method of charging for capital is used. This method is similar to using 
constant mortgage payments, which decrease in an inflationary envponment. 
The fixed charge rate of 18 percent per year used in this study is gudged to 
he consistent with the current relatively high cost of money. Given this 
fixed charge rate, the real or constant-doll ar value of the capital charge 
would decrease over the plant life-cycle depending on the inflationary level 
of the ecotomy. 

Osing this approach, the following sensitivities, which are pertinent in 
comparing COE's, were then investigated for the three example systems (see 
table 4.2-2) : 


(1) The effect on COE of including general escalation during the 
powerplant life 

(2) The effect on COE of escalating fuel and 0 and M costs (not required 
in contractor's phase 1 effort) 

(3) The sensitivity of COE to coal price, escalation rate, powerplant 
efficiency, capacity factor, fixed capital charge rate, and capital cost 

General escalation during the powerplant's life increases the influence of 
fuel prices and 0 and M costs relative to capital costs, with the shirt 
becoming increasingly significant as escalation rate increases. 


Escalating fuel price, of course, increases the importance of plant 
efficiency. The effect of fuel price escalation is dependent on the on-line 
date, the later the on-line date the greater will be the period over which the 


constant- della r price of fuel escalates. For an 
example system C would compete economically 
respectively, if real coal— price escalation rates 
year were experienced. For an on-line date of 

rates would be 3.3 and 5.4 percent, respectively. , 

real coal prices can be expected to escalate at such rates over the long tern. 
Over the short term, real coal-price escalation has exceeded these levels. 


on-line date of mid-1981, 
with systems A and B, 
of 4,7 and 7.5 percent per 
raid-1991, these escalation 
It is problematical whether 
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For instance, from 1970 to the present the national average coal price 
approxinately doubled in real terns, which translates to a real escalation 
rate of about 15 percent per year over the short tern. 

The sensitivity of COE to the cost drivers is illustrated by using the three 
example systems. The more costly systems show greater correlation to factors 
affecting the capital cost component of COE, whereas those with lower 
efficiency are sensitive to increases in fuel costs. For the example systems 
it is illustrated that only substantial coal-price increases will make a more 
efficient, but capital intensive, system competitive economically with a less 
efficient, but lower capital cost, system. 

Tn section 6.2.2, the economics of the actual system results are illustrated 
by using the ground- ruled contractor methods and those of this section. 
Comparisons within systems are discussed in that section. 
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TABLE4.a-l. - EGAS COAL SPECIFICATIONS 


I'eferenno matoriol 

Proximate analysis 
(us received), percent; 
Moisture 
Volatile 
Fixed carbon 
Ash 

Ultimate analysis 

(as received), percent: 
Ash 
Sulfur 
Hydrogen 
Carbon 
Nitrogen 
Oxygon 

Higher heating value 
(as received), Blu/lb 

Gross heating loiluo 
(dry). Btu/lb 

Avcnigo softening 
tomporature, °F 

Initlnl deformation 
temperature, °F 

Fluid temperature, “f 

Ash analysis, percent: 


Illinois i/G 
(Macoupin County) 

BOM TP-G41 


Montana North Daimta 

subbltumtnous lignite 

(Iloscbud Coun&) (Morcor County) 


1390 - 2130 


2090 - 2440 


BOM TP-629 


3120 - 2410 


2130 - 2620 


BOM ni-7l5B 


2190 - 2400 


2330 - 2600 


Coal 

nUnois #0 
(Macoupin County) 

Montana 
sub-hltuminous 
(Rosebud County) 

North Dakota 
lignite 

(hlcrcer County) 


Trace-element analysis, 
ppm in coal: 

Beryllium 

Fluorine 

Arsenic 

Selenium 

Cadmium 

Mercury 

Lead 

Boron 

Vanadium 

Chromium 

Cobalt 

Nlcltol 

Copper 

Zinc 

Gallium 

Germanium 

hlolybdcnum 

Tin 

Yttrium 

LonUmnum 

Uianium 

Trace-element analysis, 
wt % in ash: 

Litliium 

Scandium 

Manganese 

Strontium 

Barium 

Ytterbium 

BismuU) 

Grindnhllity (HGI); 
Range 
Average 

Froe-Bwolling index; 
Range 
Average 


0. G - 7.G 
50 - 107 
B - 45 


0.04 - 0.49 
8-14 
13 - 108 
8. 7 - 07 
5-51 
1,2 - 10 
S- 37 
3.1-25 

0- 53 
1.5-8 

0.4-27 
0 . 0 - 8. 5 
0.1 - S 

1- 13 
0.2-24 

10 


0.017 - 0.039 
0.007 - 0, 008 
0.020 - 0.062 
0.068 - 0.070 
0.029- 0.047 
0.0003 - 0.0011 
0. 0001- 0.0002 


0,1 - 3,9 
GO - 70 


0.1- 3.9 
00-70 


0.07 - 0.09 
5-10 
78-201 
5. 3-29 

2.0- 19 
0.7 - 7 

1.5-15 

2.8 - 10 

0- 23 

1.0- 13 
0-7 

0.1 - 3.4 
0.2 -4..3 

1- 27 
0-22 

50 - 240 


0,010-0.023 
0.003- 0. DOB 
0.030 - 0.04G 
G.OGl - O.OGG 
0.2G6 - 0.300 


0.07 - 0.09 
■ 5-10 
78 - 201 
S..3 - 20 
3.G-19 
0.7 -7 
1.5-15 
2.6 - 10 

0- 23 
1.0 - 13 

0-7 
0.1 - 3.4 
0.2 - 4.3 

1- 27 
P-22 

SO - 240 


0.010 - 0.022 
0.003 - 0.005 
0.030 - 0.040 
0.001 - O.OGG 
0.205- 0.300 


0.0003 - 0.0011 0.0003- 0.0011 

0.0001 - 0.0002 0.0001 - 0.0002 


49 - 59 
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30-75 

50 


1-0.5 
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TABLE 4.1-2. - EGAS FUEL COST AND EFFICIENCY ASSUMPTIONS 


Fuel type 

Base fuel 

Minimum 

range, 

$/MBTU 

Conversion efficiency 


(delivered) , 
$/MBTU 

General Electric 

Westinghou.se 

Coal: 

Illinois (16 

0.85 

0.50 - 1.50 



Montana subbituminous 

0.85 

0.30 - 1.50 



Nortli Dakota lignite 

0.85 

0.25 - 1.50 

— 


High-Btu gas 

2.60 

1.50 - 4.00 

0.50 

0.67 

Intermediate-Btu gas 

2.10 

1.20 - 3.10 

0.70 

0.84 

Low-Btu gas 

(a) 

(a) 

(a) 

(a) 

Hydi-ogen 

2.50 

1.45 - 3.80 

0.61 

0.56 

Liquid (distillate) 

2.60 

1.50 - 4.00 

0.56 

0.51 

Methanol 

2.70 

1.60 - 4.20 

(b) 

0.70 

Semi-clean (solvent-refined coal) 

1.80 

1.05 - 2.70 

“0.78 

(b) 


^Always integrated. 

^Not used. 

*^Revised downward to 0. 74 in final reading by G. E. 
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TABLE 4.1-3. - OUTPUT DATA FOBMAT 


(n) System base cases 



Case 


1 (hasL*)^ 

2 

3 

Parameters 



Power output^ JlWe 
FUmnee type 
Conversion process 
Coal type 

Additional parameters as used on parametric lists 




Summary of plant results 


Thermodynamic efficiency,^ percent 
Powciplont efficiency, percent 
Ovcnill energy efficiency, percent 
Capital costs, dollars 
Capital costs, S/kWo 
Cos; 3f electricity, ‘^miUs/kW-hr: 
capital 
Fool 

Operation and maintenance 
Total 

Estimated construction ilmo.^ yr 
i^stlmatcd ax’allnbility date® 




1 Breakdomi of plant results 



Caphnl costs. $/kWc: ^ 

Eac.'i major component 
Total for nil major components 
Balance of plont^ 

Site lalor 
EscnlaUon 

Interest during construction 

Coat of electricity, mlUs/UW-lir, ot capacity factor of - 
0.5U 
0.G5 
0.80 

Change in cost of electricity with 20 percent increase 
In capital costs, mills/ltW-hr 
Change in cost of electric:ty «^tth 20 percent increase 
In fuel costs, mllls/kW-hr 





^'Use base deUveeetl fuel cost. 

^’provide where applicable. Defined as altomnttnB-eurrcnt output from prime cycle (and 
bottoming cycle) divided by heat input into prime cycle (i.e. , not including furnace or 
gasifier efficiency or power output from furnace pressurining subsystem. 

®For 0. US capacity factor. 

‘*From start of site construction to plant on-line operation. 

First plant commercial opemUon. 

^Usc total allomatlng-current plant output and component FOB miinufacturlng plant price. 
^Does not InoludL* site Inbotv 



52 




TABLE4.X-a. - ConUnutjd. 


(b) Summary for each base ease and each parametric point 
recommended for EGAS Phase 2 


Parameter 

Valae 

Pcrrornumcc and cost 

Powcrplant efficiency, percent 
Overall cneno* efficiency, percent 
Plant capital cost, dollars 
Plant capital cost, $/kWe 
Cost of electricity, mills/kW-hr 


Natura,‘ resources 

Coal, Ib/kW-hr 

Water, gal/kW-hn 
Total 
Cooling 
Processing 
Makeup 

NOX suppression 
Stack-gas cleanup 
Land, acres/lO^ MWo 


Envircnmentol intrusion 

Amount of pollutant, Ib/MBtu heat input; Ib/kW-hr: 
SO. 

NOX 

HC 

CO 

Particulates 

Heat, BtuAiW-hn 
To water, where applicable 
Total rejected 

Wastes (type and quantity), *Mb/kW-hr; Ib/day 




Major 

component^ 

Module 
size 
(width, 
length, 
or di- 
ameter) 

Module 

weight, 

ib 

Cost FOB 
from 

manufacturing 

plant 

Number 

of 

modules 

required 

Total 

cost 




Dollars 

$/kWe 



PAgg-j; 

r 








''AFJ'UmlnK rated output throuKhoul 2*1 In*. 

^As u minimum, Uu? tMmpontmls listed In the statement of work 


and including coollnK towers and emission control cciutpment 
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TABLE 4.1-3. - Concluded. 

(c) Materials review for all system base eases and 
each ease recommended for EGAS Phase 3 


Major 

coiaponcnt 

Subclcmcnt 

Matoriol 

Comment 
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TABLE 4.2-1, - EGAS PHASE 1 ECONOMIC GHOUND RULES® 
[Base-loaded systems; 30-yr life cycle.] 


Capacity factor 

Fixed capitalization charge, percent 18 

Interest on construction outlays, percent 10 

Escalation of constiTiotion costs, percent 6.5 

Fuel cost (coal), $/MBTU 0.85 


^Contractor output: capital cost estimate; construction dur- 
ation; on-line date; system efficiency; operations and 
maintenance costs; cost of electricity. 


TABLE 4.2-2. - EGAS PHASE 1 EXAMPLE SYSTEMS 


System 

Description 

Overall 

efficiency 

Construc- 
tion time. 

Operation 

and 

Capital costs, ® 
$/kWe 




yr 

maintenance 

costs, 

mUls/kW-hr 

Mid-1974 

estimate 

Actual 

(mid-1981) 

A 

Advanced 

steam 

0.38 

5 

2.5 

500 

843 

B 

Combined 
cyde with 
gasifier 

.40 

4 

2.5 

350 

580 

C 

Open-cycle 

MHD 

.50 

7 

3.8 

650 

1137 


^Includes 6.5 percent escalation and 10 percent interest during construction. 
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Figure 4.1-2. - Cumulative cash flowduringpowerplantdeslgn 
and construction. (From ref. 3. ) 
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Operations and 
maintenance 

J- 

^construction 


Calendar year (midyear) 


Figure 4.2-3. - Cost of electricity wiili 6 . 5 percent general cost escalation rate (or years 
1974 to 2011 in current-year dollars. 

Cost 

escalation 

rale, 

percent 


■ 0 

T 

,_125 

_ 

Capital 


Operations and 
maintenance 


Calendar year (midyear) 


Figure 4.2-4. - Cost of electricity with different rales of general cost escalation for years 1974 
to 2011 in constant (m id-1974) dollars. 
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35 r- 



loL 

0 


2 4 6 8 10 12 

General cost escalation rate during life cycle 


Rgure 4.2-5. - Effect of general cost escalation rate on average cost 
of electricity during life cycle. Fixed capilal charge rate, 0. 18. 



ifll I ^ I I I 

-10 0 2 4 6 8 10 12 

Equivalent annual Incremental escalation of niid-1974 
coat price Iffi.SSJMBtu) for a plant on line in 
mtd-1981, percent 

Rgure 4. 2-6. - Effect of coal price on average cost of elec- 
tricity during life cycle, in mid-1974 do liars - with no 
cost escalation during life. 
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Average COE during lifecycle. mills/kW-hr 



Bjuivalent annual incremental escalation of 
mid-l974coal price («.85/MBIu) for a plant 
on line in mld-l?81. percent 


Figure 4.2-7. - Effect of coal price on average cost of 
electricity during lifecycle, in mld-1974 dollars - 
with 3.S percent general cost escalation during 
life. 


Example 

system 



on line in mId-19Bl. percent 


Figure 4.^8. - Effect of coal price on average cost of 
electricity during life cycle, in mId-1974 dollars - 
with 6. 5 percent general cost escalation during life. 



mW-1974 lo end of plant life (30 yr). 1 



Flgu re 4. 2-10. - Effect of change in efficiency 
on average cost of electricity during life 
cycle In mid-lW4dollars - wllh 3.25 per- 
cent general cost escalation during life. 
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Figure 4, 2-11. - Effect of capacity factor on average cost of elec- 
tricity during life cycle, in mid-1974dallars-with 6.5 percent 
general cost escalation during life. 



Figure 4.2-12. - Effect of capacity factor on average cost of 
electricity during life cycle, in mid-1974 dollars - wilh 
3.25 percent general cost escalation during life. 
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Figure 4. M4. ' Effect of fixed caoitai charge rate on average 
cost of eiectricity during life cycle. In mid-1974 dollars - 
with 3.25 oercent general cost escalation during life. 
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Figure 4. M6. - Effect of change in caoifa! cost on 
average cost of electricity during life cycle, in 
mid-19T4 dollars - with 3.25 percent general cost 
escalation during life. 
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5.0 nTSCUSSIOH AKD EVaLtlATlOH OF EGAS PHASE 1 RESULTS 

The contractors results for EGAS Phase 1 are compared and evaluated on a 
sJsteB-by-system basis in the following sections. The comparison cites ma]Dr 
differenLs^and resolves them wherever possible. Performance and costing 
results are also evaluated. A materials and furnace evaluation for all 
systems is alsc included. 

5.1 COSTIHG APPEOAGH 

by a. Hurray Bailey 

The obiective of EGAS is to provide data on a wide variety of advanced energy 
conversion systems on a common and consistent basis so that the relative ®etit 
o? Ihfia?ioL systems may be assessed. In Phase 1 the emphasis was on 
estimating the performance and cost of the various systems oyer a wide range 
of parametric conditions and system configurations. L 

snecified- as described in section 4.1, for common use by both contractors and 
fSr all systems being investigated to help achieve the 
in treatment of the systems. Ground rules were included that 

the values of powerplant capital cost estimated, such as fixed-charge rate and 
interest and escalation rates. These are discussed in detail in section 4.1. 
Hihhin these ground rules and the overall objective the contractors select 
approaches to making their performance and cost estimates that best 
?heirpar?ic2lar situation while consistent with the ECAS reguirements. These 
aDSLSes were predicated on the makeup of the contractor team, the form of 
JoDlicable data from previous studies, and the procedures and methodology 
nofmtlly used by the va?ious team members, including the architect-engineer. 

This section describes the costing approach used by each 

that Were applied to achieve an estimate of the total 

capital cost of the powerplants, and compares results estimated by the two 
co^SitotS for ritel. plLl «ltb . s«lEar scrutb.r. as an 

n*?ina the EGAS ground rules and their particular costing approach. 
being done in an^ attempt to provide perspective on the approacnes taken and 
the results for the various conversion systems, which are discussed in th 
following sections. 

5.1.1 Estimating Procedures 

The basis approach tc plant capital cost estimating was the same for General 
vieetT-ir and West inaho'ise. They, or a subcontractor, provided estimates of 
Electric and cost) for the conversion system’s major 

component costs of an architect-engineer (A-E) for 

SScl-of-plant (BOP) cost estimating, including installation 
components. Bechtel Corp. acted as A-E for G.E.; and C. T. Main, In 
provided the same service for Westinghouso. The role of the A E was a ma:or 

oil Tn estimating total plant cost for most conversion ems. The 

included all remaining equipment and material costs and all site labor costs 
fS? exponent instLlations and plant construction. EvampLes of the 
ittrotitHe percentage of cost associated with BOP as compared with plant 
tSLTcott arfS fo?lawing: open-cycle gas turbine 20 percent, combined 
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proierrt estimating. The approach generally taken was to compare functxonal 
subareas of advanced systems with the most applicable known reference and to 
use appropriate allowance or factoring to account for differences. Informal 
engineering calculations and sketches were used as required for definition or 
equipment and quantities. 

Total capital cost estimates were made in the context of a complete utility 
powerplant. I'hese cost estimates are the dollar summation of a number of 
discrete cost elements involved in the estimating process. These cost 
elements, which were common to ail the powerplant capital cost estimates xn 
EGAS Phase 1, are discussed below# The basic description of these elements as 
used in EC&S Phase 1 is as follows: 

(1) Direct - This is the basic cost developed as a dollar estimate for 
each major component or grouping of BOP material or site labor identified for 
costing (cost account categories) in the powerplant. 

(2) Indirect - A percentage factor applied to direct site labor costs, it 
accounts largely for labor-related costs such as supervision, field 
engineering, administration, medical services, overhead, payroll taxes, 
insurance, tools, equipment and supplies, and temporary construction 
facilities at the construction site. 


(3) A-E services - A percentage factor to account^ for the design, 
engineering, procurement, and construction management services and the fee of 
the architect-engineer, it can be applied to all cost rategories including 
major components or as a different percentage supplied to only the BOP material 
and site labor. 


{4) Contingency - A percentage factor on all cost categories, it accounts 
for the money, man-hours, and time that must be added to the es^mate to 
compensate for uncertainties in the details of quantity, pricing, and 
productivity and the variations in the other cost elements of the estimate. 
For conventional plants, the contingency is money that experience has shown 
will be spent. Contingency reflects a selected risk of overun and is 
generally selected such that the estimate including contingency is the most 
probable total cost of the proposed powerplant. Contingency does not provide 
for changes in the defined scope of a project or for unforseen circumstances 
beyord normal experience or control. 

(5) Finance - This is the increase in plant cost due to price escalations 
(increases in prices of materials or wage rates because of inflationary 
trends) and interest paid on capital during the final design and construction 
period. Escalation and interest were applied over an assumed cash-flow curve. 

Table 5.1-1 shows the general procedures and numerical percentage values used 
by G.E. /Bechtel and Westinghouse/C. T. Main in developing the cost elements 
and in% obtaining powerplant total capital cost estimates. The 

illustrates differences between the contractors* procedures and between the 
percentage values that they used. The differences shown were investigated by 
t)ASA to assess any impact on the comparability of results between contractors, 
some of which are discussed below. 


For direct costs, each contractor had different groupings of BOP materials and 
site labor (cost account categories) based on the A-E’s normal cost estimating 
methodology, While making direct comparisons of BOP estimates more difficult, 
allowing different cost account categories facilitated the A-E’s job and night 
provide somewhat greater confidence in the results in an effort like ECAS 
since the A-E could estimate in the way he customarily employs. For the A-E*s 
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portion of th« cost .sti.ntlng, ditoot 

since different levels of detail may be included in "direct fcith different 
iidirect Lctors, for example, to account for not costing some items as 

"direct." 

pcJcldiEil^'’^Beohtel'elti.nt^d*°L°tL’^b^ of'T'goMKl^contiactoi; with thn 

contingency is tailored to each iV-E*s estimating technique, judgment, and 
experience! and different percentage values may be justified on 

However, the pjasri!^ applied contingency that they 

?e?t'Sr f ^her'cttsideteS potL??artSluf of 

or?:rnsrc^j?L?i^^ijtd\rtJjjorsLj^^^ 

percentage for all systems and parametric points. 

issrSrK:HT:™ sL-.s: ;!."::.=“k: 'S 

escalation and interest. 

DitfershCOh in plaht “'S^ringhorsf/C.Tt'Hatn JSJLisd on' 

’t^fi"^rjr^-'-ss:“ontd^^^^pI^nr^.ith rogard to^^oncl^^^ 

-L!-r,rtirghrgsoVin“rira\sn^^^^ 
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15 days holding on site. Bhile the differences in plant physical assumptions 
tended to cancel out, it was not possible within the level of detail of the 
Phase 1 scope to quantitatively assess the net result of these differences 
with absolute precision although this has been factored in some of the results 
presented in the following section. 

5.1.2 Comparison of Steam Plan t Cost Estimates 

The guidelines specified for EGAS were intended to produce performance and 
cost estimates of the systems that could be compared on a relative basis in 
making an assessmeiit of the various concepts. Achieving "correct" costs in an 
absolute sense is not within the intended scope of ECAS. This was 
particularly true in Phase 1, where a large number of parametric points were 
considered and the scope of activity did not permit preparation of detailed 
plant layouts and the like. However, to compare the results between the 
contractors for the various conversion systems, it was necessary to make an 
assessment of the relative costs as estimated by the two contractors for a 
common system. The best agreement on absolute cost would be expected where 
more or less conventional technology (base line) systems are compared. 

for illustrative purposes, therefore, the G.E. and Westinghouse steam plant 
capital cost results are compared in this section to determine the degree of 
agreement on absolute cost for a conventional steam plant with a stack-gas 
scrubber. To make a proper evaluation, it. was necessary that the plants 
compared be identical. A steam plant configuration with a stack-gas scrubber 
tor sulfur dioxide removal was selected having approximately 750 MHe net 
output with 3500 psi/1000" F/1P0C° F steam conditions, and corresponding costs 
were developed through minor interpolation from each contractor's data. The 
resulting costs were 1675/kWe based on G.E. data and based on 

Hestinqhouse data. The difference of $207/kHe for this steam plant estimated 
to common cost guidelines is substantial. In an attempt to examine the 
di f fer(^nc»^5i at a more detailf^d level, NASA investigated the contractors 
costing approaches and estimating procedures as discussed above and modified 
the contractors' steam plant capital cost results as described in the 
following paragraphs. 

The n“t impact of the differences in contractor estimating procedures and 
approach to plant design on the plant cost estimates was assessed by adjusting 
'■he contracter results to a common approach and procedural basis. The 
adjusted basis chosen for comparison was fully enclosed construction, no land 
cost or on-site waste disposal, contingency as might be appropriate to a 
conventional steam pLa^^ in the context of a study (i.e. , NASA assumed 15 
percent on the G.E. estimate rather than 20 percent), and identical finance 
charges per an NASA-generated factor of 49 percent for a 5-yeat construction 
period. The impact of these adjustments was to narrow the $/kWe difference 
between thp contractors* estimates. The adjusted cases are shown rn table 
5.1-2, together with an independent estimate from the CONCEPT program modified 
by NASA -t-o the same ground rules. The adjusted values shown in table 5.1-2 
amount to a 6 percent reduction in the G.E./Bechtel $/kWe costs due to change 
in the contingency and finance factors. The Hestinghouse/C. T. Main values 
did not change because the adjustments assumed for the changes in plant 
physical content tended to cancel out and the NASA finance factor for a 5-year 
constructicn period represented no change from the factor Westirghouse had 
used for a 5,4-yoar construction period. (Nestinghouse had indicated a 5.4-yr 
construction period tor a 800-PHe conventional- furnace steam plant as opposed 
to the 5 yr estimated by G.E. tor the same plant (section 5.2.2).) The NASA 
approach was to use 5 years tor the comparisons. The "ONCEPT data shown in 
table S.1-2 are thus calculated for a 5- year construction period by using the 
NASA 44 percent finance factor. The CONCEPT data are from a computer run made 
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specifically for EGAS by ilollifield National Laboratory using !nid~197H dollars 
and the $1C.60/hcur composite labor rate. Factory equipment costs were then 
adjusted by using the Handy-H hitman {ref. 5) index of pub?ic utility material 
and equipment costs to account for inflation above tl.;' S percent pec year 
built into the CONCEPT program. site material costs were average II.S.A. 
values developed from the CONCEPT current library of m:d-197h materials costs 
in 20 cities. 

Table 5.1-2 shows that there is a difference of S1&7/VHe remaining between the 
G. E. and Westinghouse totals and that the CONCEPT total estimate falls between 
the two FCAS estimates. In an attempt to obtain the additional information 
relative to the cost differences, NASA developed two additional independent 
estimates according to the common ground rules of table 5.1-2. Burns and Poe, 
Inc., was requested (under contract NAS3-19556) to adapt a recent plant budget 
estimate tc the EGAS ground rules. This was accompli.shed by adding the cost 
of sulfur dioxide scrubbing, for a plant <-otal estimate of J507/kKe. In 
addition, NASA made an in-house adjustment on the "as built" price of the TVA 
Bull Run plant. The Bull Bun estimate with cooling towers and scrubbers 
added, adjustment to average n.s.A. values, and escalation from mid-1974 
dollars is $520/kHe. The average of the capital cost estimates obtained 
excluding the G. E. and Westinghouse results (i.e., only the NASA/TVA Hull Run, 
CONCEPT, and Burns and Roe estimates) is $516/kWe on a conventional steam 
plant, with scrubber, constructed according to the EGAS ground rules. The 
G.E. /Bechtel estimate is $11'i/kWe or 2J percent above this average, the 
Westinghouse/ C.T. Nain estimate is $48/kKe or 9 percent lower. If the EGAS 
contractors are compared according to a common contingency of 15 percent, the 
Hestinqhouse/C . T. Main estimate becomes $506/kWe, and the difference between 
EGAS contractor estimates is reduced to $129/kWe, a 20 to 25 percent 
difference. 

A review of table 5,1-2 allows further insight into the areas of cost 
difference between G.E. and Westinghouse, The largest difference shown is in 
the BOP materials costs estimated. Costs fer the major (factory) components 
ot the steam plant, the furnace-boiler and turbine-generator, were estimated 
by price quotes from the manufacturers of this equipment. General Electric 
and Westinghouse, of course, provided prices for their own tur bine- generators. 
Both contractors obtained estimates tor the conventional furnace-boiler from 
Foster Wheeler, Inc. - thus tf.e agreement on major components costs. In the 
site labor area, the composite labor rate ($10.6n/hr) being fixed by NASA 
tended to reduce the possibility for uncertainty. The BOP materials include 
all the remaining factory eguipmfint in the plant as well as all materials for 
construction. Fliffecences in POP materials could not he isolated to a few 
areas, such as cooling towers or coal handling hut were generally found 
through all POP cost account categories (see section 5.2.2). The ground rule 
applicable to BOP materials was to use average q.B.A. prices. This allows for 
the possibility of variations in the unit prices as well as quantities of 
ccnstructicn materials. Estimating the cost of materials in mid-1974 dollars 
was significantly hampered iy the severe inflation during 1974. The 

Handy-Whitman index (ref. 5) of public utility construction costs Indicates an 
average inflation of 7 percen*- per year from 1970 to 1973 and then inflation 
of 25 percent in 1974. Thxs made price a "moving target" that was very 
difficult to specify. Inflition alone, however, cannot explain the large 
difference between contractors on BOP materials costs. 

The detailed investigation ot the capital cost estimates made by G.E. and 
Westinghouse for a steam plan^ with scrubber indicates that at the level of 
design <lone in Phase 1 substantial differences can exist in the absolute value 
of costs. That this was true in a situation where common ground rules were 
used by both ccntr.ictors and for a system where a largo data base already 
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existed is indicritive of the hazards involved in naV.inq comparisons of systems 
from results cf ether studies where basic qround rules might be substantially 
li??erent. sfnerthe assumptions and ground rules in ECftS have been clearly 
disolayed, this can be account. ‘,l for in making a more confident and meaningful 
asseSent of ^h^Jarious systems. The differences in absolute level of costs 
estimated for the steam plant with scrubber are bolieved to be generally 
reflected in all the systems studied by both contractors, and comparison ^ 
sfstS Should be made^n this light The ^^tect wi^ll be more P-ncunced for 
systems with high BOP material and labor costs since f 

tiaaest differences were found between the contractor*.' results for a steam 
planf SiU. sSr!Sber. Further, .ince detailed plant layouts 

Phase 1 the cost estimate . for these more-complex, capital int .nsive 
ijstejr Jith higS BOP costs are those with the greatest associated 


uncertainty. 
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TABLE 5.1-1. “ CAPITAL COST ESTIMATING PROCEDURES 


AND PERCENTAGE FACTORS 
(a) General Electric/Bechtel 



Materials 

Site labor 

Major 

components 

Balance 
of plant 

Direct*' 

S 


S 

Indirect, percent 

— 

— 

x90 

Architect-engineer services, percent 

— 

X15 

xl5 

Contingency, percent 

x20 

x20 

x20 

Finance, percent 

x52 

x52 

x52 

Total, ^ percent 

182 

210 

399 


<b) Westinghouse/C. T. Main 


Direct" 

$ 

$ 

$ 

Indirect, percent 

— 

— 

+51 

Architect-engineer services, percent 

+8 

+8 

+8 

Contingency,'^ percent 

+8 

+8 

+8 

Finance, percent 

x44 

x44 

x44 

Total, percent 

167 

167 

240 


^The dollar value tliat is the basic estimating variable. The content of 
*' direct" is not identical between the two contractors. 

'^Based on a 5-yr design and construction period. 

®The symbols x and + indicate me contractor's method of applying tlie 
percentage factors to a direct base of 1. 0. For example, G. E. /Bechtel 
site labor, l.Uxl. 9x1. loxl. 20x1.52= 3.99, or 399 percent increase on 
direct; Westinghouse/C. T. Main site labor, 1.0+0.51+0.08+0.08x1.44 
= 2.40, or 240 percent increase on direct. 

"^Based on a 5-yr design and construction period and the formula 3 per- 
cent plus 1 percent per year. 
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TABLE 5,1-2. - CAPITAL COST COMPARISON OF CONVENTIONAL- 
STEAM PLANTS WITH SULFUR DIOXIDE SCRUBBER 


[Gross plEmt output, 800 MWe; steam conditions, 3500 psi/lOOO'* F/ 
1000° F; condenser pressure, 1.5 in. of Hg; mechanical- draft 
wet cooling tower; sulfur dioxide scrubber; results developed by 
NASA by interpolation of General Electric and Westinghouse data 
and compared to CONCEPT.] 



Based on 
General Electric 
data 

Based on 
Westinghouse 
data 

Based on 
CONCEPT® 

Cost,'^ $/kWe 

Major-components materials 

120 

124 

121 

(turbogenerator and boiler. 




including air preheater) 




Balance-of-plant materials 

314 

168 

184 

Site labor 

201 

176 

216 

Total 

635 

468 

521 


^Computer printouts 10/24/75 for NASA Lewis. 

'^Costs are all inclusive, including applicable contingency, interest, and 
escalation. Cost basis is enclosed construction with land cost excluded 
and witliout provision for on-site disposal of wastes. Contingency ap- 
plied to Genei’al Electric-based results is 16 percent. Interest and 
escalation a '3 per Uie NASA factor of 49 percent for 5-yr construction 
period. $/kWe based on plant net output. 


72 









S.2 ADVANCED f!TEA« SYSTERS 

by Gerald J. darna, M. Hurray Bailpy, and Hilliaa J. Brown 

BteaiH powerplants today provide the bulk of this nation's electrical 
generatiny output. High-performance systems with turbine-inlet pressures of 
2400 or 3500 psi. are commonly used with turbine throttle and reheat 
temperatures of approximately 1000“ F. Figure 5.2—1 is a simplified schematic 
diagram of a typical conventtonal-f urnace steam plant. Because of their 
widespread use and deiiionst rat<’d performance and reliability, it is appropriato 
that the nerfcrraance and cost of steam systems he used as one yardstick for 
evaluating the merit of advanced energy conversion systems. This evaluation 
of advanced conversion systems must, however, include comparison with both 
state-of-t be-art and advanced steam systems. Advancements must be considered 
for the steam systems themselves in order to assess the potential for 
increasing efficiency and/or rnducing steam powerplant costs relative to the 
current state of the art. in the context of EGAS the impact of substantial 
departures from state-of-the-art practice, rather than incremental changes in 
operating conditions, is of primary interest. The ECAS analyses focused on 
evaluating these departures. Although steam plants have been studied and, 
indeed, built with substantially higher steam conditions than those now 
commonly used, such as at Fddystone #1 with 5000-psi, 1200° F throttle 

conditions, these have not proved to he economical in the past. New economic 
conditions in terms of the relative cost of fuel and capital could alter this 
situation. Further, advances in combustion techniques can offer alternative 
methods for producing environmentally acceptable and economical electric power 
from advanced steam systems. 

5.2.1 Scone of A nal ysis 


Table 5,2-1 summarizes the ranoes of some of the major parameters investigated 
by each contractor. Underlined values indicate emphasis in the individual 
contractor's analysis. General Electric considered one base case and 28 
parametric points. Westinghouse studied three base cases and approximately 
180 paTametcic points. Both contractors emphasized direct burning of coal and 
use of the 3.9-percent-sultur Illinois #6 coal. The General Electric base 
case used an atmospheric-f luidized-bed furnace and steam throttle conditions 
of 3500 psi and 1200° F with one reheat to 1000° F (designated 3500 psl/p00° 
F/1000° F) , The Westinghouse base cases Involved the use of the conventional 
furnace, a ptessur ized-fluidized-bed furnace, and a pressurized furnace with 
an integrated low-Btu gasifier. All of the Westinghouse bass cases used steam 
throttle conditiens of 3500 psi and 1000° P with one reheat to 1000° F, 

The effects of a great number of variables were investigated by each 
contractor. Here we discuss and compare ccntractor results from an overall 
system viewpoint with respect to two approaches for advancing steam systems 
from the present state of the art: advanced furnaces, and increasing steam 
turbine throttle and reheat temperatures substantially above current practice. 
Advanced furnaces are discussed in more detail in section 5,14 of this report. 

5.2.2 Results of Analysis 

5.2.2. 1 Overall Comparison 

Figure 5.2-2 shows the cost-of-electri city (COE) and overall-efficiency ranges 
of results frera both G.E. and Westinghouse. In the Westinghouse resultsr a 
small number of points with COE uncharacteristically (i.e., 50 percent) above 
the group have been omitted from the figure as not being representative. The 
higher efficiencies shown in the Westinghouse data are the results of their 
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evaluating higher cycle conditions than did G.E. The near **3 percent 
efficiency shown results from use of 5000 psi/1400<> F/1400® P steam conditions 
in the pressurized boiler and ptessurized-fluidized-bed systems. 

in general, the G.E. COE results were higher than those of Hestinghouse for a 
sinilar range of parametric points. The reason for this and the impact on 
comparability of COE results between contractors' studies were investigated by 
HiSi and are described. 

5. 2. 2. 2 Discussion and Assessment 

5. 2. 2. 2.1 C omcariso n of conve ntional-nlant capital cost . - The general level 
of COE differed substantially between the G.E. and Hestinghouse results for 
similar cases. The largest factor contributing to this overall difference was 
a difference in the estimates Cor the capital cost portion of the COE. With 
the same overall economic ground rules being used by both contractors, this 
difference is directly attributable to differences in the estimates Cor plant 
capital cost. An evaluation of the differences in capital cost was made by 
HASA by interpolating contractor results to as nearly an identical set of 
parametric conditions as possible and comparing these interpolated results. A 
plant with conventional steam conditions was selected in order to minimize any 
differences resulting from differences in approach tow^d advancements in 
technology for the steam systems. A plant design of nominally SOO-MHe size 
and 3500 psi/1000° F/1000® F steam conditions and a conventional furnace was 
chosen as the common point for comparison. Cost estimates were then developed 
by NASA through interpolation from the G.E. and Hestinghouse data. These 
estimates were then further adjusted to reflect a common costing approach, as 
described in section 5. 'I. The resulting estimates are shown in table 
5.2-2(a) . 

Table 5.2-2 (a) shows a difference of $167/kHe between the estimate developed 
from G.E. data and the one developed from Hestinghouse data. As discussed xa 
section 5.1, the bulk of the cost difference is in the balance-of- plant 
materials estimated by the consulting A-E firms of Bechtel and C.T, Main. In 
an attempt to gain further insight into this difference, NASA compiled the 
balance-of -plant materials cost breakdown shown in table^ 5.2-2{b). The 
breakdown must be considered as approximate in that it represents a 
less-than- exact matching of the two contractors' (different) cost categories 
into a common format. The results show that the G.E. /Bechtel-based cost 
estimates are consistently higher and that a significant percentage of the 
total difference is contributed by two relatively broad categories, "other 
mechanical equipment" and "civil and structural work." This is consistent 
with the observation (5.1) that the difference is general in nature and will 
likely be reflected through all the other systems studied in EGAS, 
particularly those with high capital costs. A similar breakdown for site 
labor costs showed plus and minus differences between the two contractors and 
a fairly even distribution of the differences among the categories. 

considering the rather wide difference between the level of the two cost 
estimates for a base-line plant, the HASA evaluation of contractor results for 
advanced steam systems was conducted with emphasis on identifying trends 
within an individual contractor's results and then comparing trends between 
contractors' results. 

5. 2. 2. 2. 2 COE a^ efficienc y results for plants us ing vari ous furnace 
types. - Figure's. 2-3 shows the cost of electricity (COE) and the efficiency 
for various points calculated for plants using each of the four types of 
furnace investigated. The open triangles denote G.E. data, and the open 
circles denote Hestinghouse data. Not all the points calculated by the 
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contractors have been included on the figure. Sufficient points are given to 
be indicative of the results obtained and to allow a general comparison of the 
results using the different furnaces. The solid triangles and circles denote 
points that were not calculated by the contractors but that were estimated by 
N&SA, using the G. E. and Hestinghouse data, respectively. These estimated 
points were selected to have nearly identical parametric conditions so that 
detailed comparisons of results could be made. These points were for systems 
with a nominal power output of approximately 800 HHe. Since substantially 
different configurations were used by G.E. and Hestinghouse for the 
pressurized-furnace cases using an integrated low-Btu gasifier (fig. 

5.2- 3(d)), it was not deemed appropriate to attempt an KASR-de veloped detailed 
comparison of ccmparable points for this case. 

The Hestinghouse results for the conventional furnace (CF) shown in figure 

5. 2- 3 (a) show C0E» s as low as 23,1 mills/bH-hr and efficiencies as high as 

39.7 percent. Figure 5.2-3 (a) excludes points with COE's more than 50 percent 

higher than the lowest COE. The highest efficiency points shown were achieved 
with steam conditions of 3500 psig/moo® F/1400° F and 5000 psig/1200° F/1200'’ 
F/1200° F. The lowest COE points were for systems using temperatures and 
pressures that are current state of the art for steam plants: namely, 2400- 

and 3500-psig pressures with 1000® F throttle and reheat temperatures. The 
G.E, results show COE's as low as 34,4 mills/kH-hr and efficiencies as high as 
38.2 percent. The only steam conditions used by G.E. in the CF cases were 
3500 psig/1200® F/IOOO® F. The points estimated by NASA (solid symbols) were 

for 3500 psig/lOOO® F/1000® F steam conditions with 1.5-inch-Hg condenser 
pressure for both contractors. These points turned out to be near the minimum 
COE estimated by the contractors in their respective studies of the 
conventional furnace. 

The G.E. results for the atmospheric-f luidized-bed (AFB) case shown in figure 

5.2- 3 (b) show COE's as low as 29.8 raill's/kH-hr and efficiencies as high as 

39.8 percent. The Hestinghouse results indicate COE's as low as 24.3 

mills/kH-hr and efficiencies as high as 38- 6 percent. The highest efficiency 
points for both contractors were achieved with high throttle and reheat 
temperatures, 1200® and 1400® F, respectively, and 3500-psig throttle 
pressure. 

The Hestinghouse results for the pressurized- f luidized-bed (PFB) cases shown 
in figure 5,2-3 (c) indicate COE's as low as 21.1 aills/kH-hr and efficiencies 
as high as 42.8 percent. The higher efficiency points were obtained for 
systems with 5000 psig/1400® F/1400® F steam conditions. The Hestinghouse 

lower COE points were obtained with 3500 psig/1000® F/1000® F conditions and 
with only a small COE change by increasing the pressurizing gas-turbine-inlet 
temperature over a base value of 160C® F and varying pressure ratio. The 
Hestinghouse matrix of points did not include any courjling of higher steam 
conditions with the higher gas turbine (i.e., fluidized bed) temperatures of 
1700® and 1800® F, Hestinghouse investigated values for excess air of 15, 45, 
and 90 percent; the lowest COE cases were for the 15-percent excess air. The 
G.E, cases were ail calculated for steam conditions of ?500 psig/1200® F/1000® 
F, a gas-turbine-inlet temperature of 1600® P, a pressure ratio of 10, and 
20- percent excess air. Efficiency as high as 39,2 percent was achieved with a 
COF of 34.6 mills/kH-hr. The NaCA estimated points using the respective 
contractor result:? were for 3500 psig/1000® F/1000® F, 1.5-inch-Hg condensing 

pressure, a gas-tur bine-inlet temperature of 1600® F, and a pressure ratio of 
10. Excess ail' values of 15 and 20 percent, respectively, were selected for 
the Hestingho'ase and G.E. data. 

for the pressurized-furnace (PF) cases shown in figure 5. 2- 3(d) the 
Hestinghouse results show COE's as Low as 25.6 mills/kH-hr and efficiencies as 
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high as 42.6 peccant. The highest efficiency points shown were achieved with 
steam conditions substantially above the state cf the art, like those used to 
obtain high PFB efficiencies, in combination with 2000° P pressurizing gas 
turbines. The G.E. results are clustered around an efficiency of about 34 

percent and a cOE ot about 35 mills/kH-hr. These G.E. cases are for 

pressurizing gas turbines with an inlet temperature of 1800° F and a pressure 
ratio of 10. 

We may make two observations from the preceding discussion; First, there is a 
significant difference in the level of COE between the G.E, and Westinghonse 
data for each type of furnace. Second, advancing the steam conditions 

substantially beyond the current state of the art achieves a higher overall 

energy efficiency, to values exceeding 40 percent, but at higher COE's. In 
the following sections the differences between the G.E. and Hestinghouse 
results are discussed for each furnace type, using the points interpolated by 
NASA for comparison purposes. Following this discussion, the trends in 
performance and COE are examined as steam conditions are advanced. 

Table 5. 2-3 (a) shows performance results for the comparison cases developed by 
NASA from G.E. and Westinghouse data to illustrate the impact of different 
furnace types on powerplant performance, capital costs, and COE, These 
comparison cases are the ones identified in figure 5.2-3 by solid triangles 
and circles. Each is at approximately the 800-MWe gross output level and uses 
3500 psi/1000° E/1 000° F steam conditions. For the pressurized- fluidized- bed 

plants the point developed from G.E. data uses 20-percent excess air, and the 
point developed from Hestinghouse data uses 15-percent excess air. 

The performance results in table 5. 2-3 (a) show consistent trends in that the 
presurized fluidized bed offers an advantage in plant overall efficiency as 
compared with the conventional furnace or atiaospheric fluidized bed. For the 
specified conditions selected for the cases shown in the table, the advantage 
was approximately 1 percentage point in the cases developed from G.E. data and 
approximately 2 percentage points in the cases developed from Hestinghouse 
data. 

The auxiliary power requirements shown in table 5. 2-3 (a) are approximately the 
same between contractors, with the exception of the power requirement for the 
conventional-furnace case. Here the case developed from Hestinghouse data had 
a considerably higher power requirement. The power requirements for the 
conventional furnace, the cooling towers, and general housekeeping were 
approximately the same for the two contractors, but the power requirement 
assigned to stack-gas scrubbers and other balance- of- plant items was higher 
for the Hestinghouse case. 

Table 5.2-3 (b) shows a capital cost breakdown for the comparison cases 
interpolated by NASA. The figures shown ate based on modification of the 

contractor data as described in section 5.1.2. In table 5. 2-3 (b) the costs 
are broken down to several functional accounts of the plant. For each account 
the cost listed is an all-inclusive cost; that is, it includes the material 
and site labor costs and proportional amounts of the indirect costs, 
contingency costs, escalation, and interest contributing to the plant total 
cost. 

The capital cost results of the cases developed from G.E. and Hestinghouse 
data show similar trends as furnace type is changed. The results indicate 
that the capital cost of furnace and required gas cleanup equipment, added 
together, is lower for advanced furnaces than for conventional furnaces. This 
advantage is reflected in the plant total cost in the form of a 2- to 
12— percent -lower capital cost for the plants using advanced furnaces. 
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There is an additional capital cost factor not fully displiy^jd in table 
5.2-3 (b) that may impact cost comparisons of the pressurized-tluidized-bed 
furnace. Table 5.2-3 (b) was prepared on the basis of a 5-year construction 
period for each plant (furnace) type - with escalation and interest during 
construction that is appropriate to that construction period. Hestinghouse 
estimated that a shorter construction period would be required for a 
pressurized-f luidized— bed furnace plant than for plants of the same HHe rating 
using either a conventional furnace or an atmospheric fluidized bed. The time 
difference, about O.h year on an 800-MHe plant, would reduce the estimated 
pressurized-fluidized-bed plant capital costs by 3 percent by virtue of a 
reduction in the escalation and interest compilation. A more detailed 
evaluation is required to determine if the pressurized fluidized bed has 
modularization characteristics that will permit a reduced construction time 
relative to a conventional furnace plant of the same HWe size. The G. E. data 
for EGAS Phase 1 indicate a 5-year construction period for all of the 800-MWe 
steam plants regardless of furnace type. 

Table 5. 2-3(c) shows the cost-of-electricity results developed by NASA 
interpolation of the G.E. and Westinghouse data for plants using the different 
furnace types. The overall COE developed from Westinghouse data is lower than 
the corresponding COE based on G.E. results for all furnace types. The 
difference is 27 percent for the conventional-furnace and 
atmospheric- fluidlzed-bed cases and 36 percent (based on the Hestinghouse 
numbers) for the pressurized-fluidized-bed case. The portion of COE's due to 
fuel cost for the G.E. -based conventional furnace and 

atmospheric- fluidized-bed cases are lower than the corresponding 
Hestinghouse-based results because of a 1-percentage-point higher overall 
energy efficiency in the G.E. cases. For the operating-and-maintenance (O and 
H) part of COE the figures developed from G.E. data are considerably higher 
than those developed from Westinghouse data for each furnace typo. The 
difference is substantial, approximately 100 percent for the 

conventional-furnace and pressurized-fluidized-bed cases and approximately 50 
percent for the atmospheric-fluidized-bed case. 

The major COE difference, in terms of absolute magnitude, is that due to the 
difference in the contractor's capital cost estimates. Here a 36- to 
4 8- percent difference (based on the Westinghouse numbers) equates to 

approximately 6 ralllsAH-hr in COE. The results developed from G.E. data 
represent the higher COE due to capital for each furnace type. Both 
contractors’ data show that for comparable plants the overall COE is lower or 
approximately the same with an advanced furnace as with a conventional 
furnace. One reason for the G.E. -PFB case being higher than the CF was the 
higher 0 and B costs estimated for the PFB system. All differences are small, 
however, considering the level of detail of Phase 1. More detailed analysis 
is required to better define the differences in results among furnace types. 

5. 2. 2. 2. 3 Im pact of steam throttle and reheat temperature on COE . - The G.E. 
and Hestinghouse results were reviewed to understand the dependency of the 
overall energy efficiency and cost of electricity on an increase in steam 
throttle temperature and reheat temperature. The system results reviewed for 
advanced steam were the G.E. and Westinghouse atmospheric-fluidized-bed cases 
and the Hestinghouse conventional-furnace cases. There were not sufficient 
parametric cases for the G.E. conventional furnace to use for this purpose. 

Figure 5,2-4 is a plot of COE in mills/lcW-hr against overall energy efficiency 
for the advanced steam power plant, Besults are presented for the G.E. 
atmospheric-f luidiz ed— bed case, 3500- psig steam conditions, throttle 
temperatures of 1000° and 1200° F, and reheat temperatures of 1000°, 1200°, 
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and 1400® F. VJestinghouse results are presented for the conventional furnace, 
a throttle temperature of 1000® F, and reheat temperatures of 1000®, 1200®, 
and 1400® F. According to figure 5.2-4 steam throttle temperature and reheat 
temperature have a major effect on COE and efficiency. For the G.E.-AFB, as 
the throttle temperature is increased from 1000® F to 1200® F, there is a COE 
increase of 3 mills/kH-hr and an overall efficiency increase of 1.2 percentage 
points, when the reheat temperature is increased by 200® F, such as from 
1000° F to 1200® F, the COE increased about 1.8 mills/fcH-hr and overall 
efficiency increased 1 percentage point. 

A more pronounced effect is observed if steam conditions are changed from 3500 
psi/1000® P/1000® F to 3500 psi/1200® F/1200® F. On figure 5.2-4 this is a 
change from point A {throttle temperature, 1000® F) to point B (throttle 
temperature, 1200® F) . Observe that COE increases 5 miils/kH-hr and overall 
efficiency increases 2,2 percentage points. The same effect can be observed 
for the Hestinghouse convent! anal-furnace- pi ant results. Figure 5.2-4 shows 
that a 2C0® F increase in the reheat temperature raises the COE by 1.9 
mills/kH-hr and efficiency by 1 percentage point. This is about the same as 
shown in the G.E.-AFB cases for a 200° F reheat temperature increase. 

A G.E.-AFB 3500 psi/1000® F/1200® F/1200® F (double reheat) case is shown in 
figure 5.2-4 (point D) . If point D is compared to point B (single reheat to 
1200° F) , the second reheat increases COE by 1.8 mills/kH-hr and raises 
efficiency by 1.8 percentage points. 

The COE increase with increasing steam conditions shown in figure 5. 2-4 
obviously results from capital cost increases. Since the most costly major 
components are the steam turbogenerator (turbine-generator) and the furnace, 
costs in $/kHe net are plotted against steam conditions in figures 5.2-5 and 
5.2-6. In figure 5.2-5 if a G.E. 3500 psig/1000® F/1000® F system is compared 
to a G.E. 3500 psig/1200® F/1200® F system, the direct cost of the steam 
turbogenerator increases by a factor of approximately 4, from 530/kHe to 
$128/kHe. The same comparison can be made for a Hestinghouse 3500 psig/IOOQ® 
F/1000® F plant to a 3500 psig/1200® F/1200® F plant. In this case, steam 
turbogenerator cost in $/kHe increases by a factor of 2.5 ($35/kHe to 
$88/kHe) , which is much less than the G.E. increase but still very large. 
Hestinghouse studied a parametric point for a 3500 psig/1400® F/1400® F plant; 
figure 5.2-5 shows the steam turbogenerator cost increasing by an additional 
factor of 1.9 over the 3500 psig/1200® F/1200® F case. The higher costs 
estimated by both contractors result from the requirement for more- ex pensive, 
higher strength materials in the turbine at these higher temperatures. 

The effect cf increasing reheat temperature only while keeping throttle 
temperature at 1000® F is also seen in figure 5.2-5. The steam turbogenerator 
cost increased by a factor of 2 for a reheat temperature increase from 1000® F 
to 1200° F, which constitutes one-half of the combined throttle and reheat 
effect previously mentioned. 

For the Hestinghouse conventional furnace, the same effect of steam condition 
on turbogenerator cost is shown in figure 5.2-6. Turbogenerator costs 
increase by factors of 2-5 and 1.9 for the 3500 psig/1200® F/1200® F and 3500 
psig/1430® F/1400® F plants, respectively. The effect of reheat temperature 
increase alone can be seen for the 1000° F throttle temperature. 

it can also be observed from figures 5.2-5 and 5.2-6 that a 200° F increase in 
throttle and reheat temperature has a minor efect on furnace module costs. 
The furnace module as discussed here includes the boiler and precipitator 
material cost. 
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5.2.3 CoacLufli na Re marks 


^ vide range of parametric conditions were investigated by both contractors. 
Cost- of- electricity values as low as approximately 30 to 35 mills/kW-hr were 
obtained by G.E. for the various types of furnace; flestinghouse obtained 
values of approximately 20 to 25 mills/kW-hr . This substantial difference 
between the G.E. and Hestinghouse COE estimates held true for all furnace 
types and parametric conditions. The main source of this difference was in 
the capital cost estimated for the balance of plant. The efficiencies at the 
low cost-of-electricity points were roughly in the range 34 to 39 percent for 
both contractors. conditions producing the lowest cost of electricity were 
generally those at or. near present-state-of-the-art temperature and "pressure, 
again for both contractors, 

While the abolute levels of the costs were different, the trends shown by the 
contractors' results were the same for the major variations discussed in this 
report; namely, the impact of various furnace types and the impact of 
substantial increases in steam turbine throttle and reheat temperatures. Both 
contractors* results when modified by NftSfi to obtain identical parametric 
conditions showed lower cr comparable cost of electricity for the atmospheric- 
and pressurized- fluidized-bed furnaces compared with the conventional furnace, 
likewise both contractors' results indicated substantially higher efficiencies 
and cost of electricity when steam throttle and reheat temperature were 
increased in large steps from the current state of the art. The 

cost-of-electricity increases were due largely to increases in the cost of the 
major equipment, primarily the turbine- genera tor. Hestinghouse estimated 

efficiencies as high as 41 percent with throttle temperatures limited to 1200° 
F and as high as 43 percent at throttle temperature of 1400° P. (Only 

Hestinghouse investigated 1400° F throttle temperatures.) These high 
efficiency points would have costs of electricity competitive with those at 
the more conventional temperatures only if coal costs were assumed to be 
approximately 7 times those used in obtaining the results reported ($0,85/MBtu 
was the base cost for delivered coal assumed in Phase 1), General Electric 
results fox 1200° F throttle temperatures and reheat to 1400° F indicated an 
efficiency of approximately 40 percent and a requirement for a nearly 12:1 
increase in assumed fuel cost in order to be competitive with 

conventional- temperature systems. More attractive in the G.E. results in this 
regard was the 1000° F/1200° F/1200° F system, which developed over 39 percent 

efficiency and which would require approximately a 7:1 increase in assumed 

fuel cost to be competitive with the standard 1000° F/1000° F system. Section 
6.2.2 gives more discussion on the impact of fuel cost changes on plant total 
COE. Formidable technical problems would have to be overcome in order to 
achieve 1200° F and higher throttle temperatures. In addition, large 

investments for new forging facilities with increased forging press and 
furnace capacity would also be required if conventional turbine fabrication 
approaches were used, as has been assumed by both contractors. 

Improvements in performance or reduction in the cost of electricity that might 
be obtained through more modest changes in temperature or modifications to the 
plant configurations were not the thrust of this investigation. These changes 
could indeed offer improvements over plants in service or currently beina 
delivered but were considered outside ■' e scope of this study. 
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TABLE 5.2-1. 


COMPARISON OF RANGES OF MAJOR PARAMETER.? INVESTIGATED FOR 


ADVANCED STEAM SYSTEMS 


Pai'ameter 


General Electric 
conditions 


Westinghouso conditions 


Power output (nominal), MWe 
Throttle pressure, psig 
Throttle temperature. °F 
Reheat temperature, F 
Number of reheats 
Fuel type^ 

Furnace type^ 

Furnace pressurizing system 

o 

Turbine-inlet tempei'ature, F 
Pressure ratio 
Amount of excess air, percent of total 
Heat rejection method'^ 

Condenser pressure, in. of Hg abs 


600, 800. 1200,^ 1600 
2400, 3500 , 4000 
1000, 1200 
1000 , 1200, 1400 
1 . 2 

Coal , SRC, LBTU 
CF, AFB . PFB, PF 


PFB 

1600 

10 

20 


PF 

1800 

10 

15 


WCT . DCT 
1.5, 1.9, 3.35 


500 , 900 

2400. 3500 , 4500, 5000, 10 000 
1000 , 1200. 1400 
1000 . 1200, 1400 
0. 1.. 2. 3 
Coal . LBTU 
CF . AFB, PFB , I^ 


PFB 

1600 to 1800 
5 to 15 
15 to 90 


PF 

1600 to 2500 
5 to 15 
15 to 90 


OTC, WCT , DCT 
2. 0, 3.5 . 9. 0 


^Two 800-MWe units. 

^SRC = solvent- refined coal; LBTU = low-Btu gas . 

^=CF= conventional furnace; AFB = atmospheric fluidized bed; PFB = pressurized fluidized bed; 
PF = pressurized furnace. 

^WCT = wet cooling tower; DCT = dry cooling tower; OCT = once-through cooling. 
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TABLE S.2-2. - CAPITAL COST COMPARISON OF CONVFN'nON’A L- 
FU RNA C E STEA M P lA NTS 

[Gross plant output, 800 MWe; steam conditions, 2500 psi/l000“ E/ 
1000° Fj condenser pressure, 1,5 in. of Hg; mechanical -draft 
wet cooling tower; sulfur dioxide scrubber; results developed by 
NASA from General Electric and Westinghouse daUi.J 


(a) Overall cost comparison 



Cost. ^ S/kWc 

Based on 
General Electric 
data 

Based on 
Westinghouse 
data 

Major-components materials 

120 

121 

(boiler and turbogenerator) 



Balance-of-plant materials 

214 

108 

Site labor 

201 

JTO 

Total 

G.25 

408 


(b) Balance-of-plant materials cost breakdown 


Coal handling equipment 

13 

13 

Plant electrical equipment 

24 

22 

Piping and instrumentation 

2 1 

17 

Cooling tower system 

13 

9 

Precipitators and scrubhei-s 

SC 

59 

Other mechanical equipment 

74 

25 

Civil and structural work 

57 

17 

Miscellaneous and yardwork 

23 

0 

Total 

314 

108 


°Costs are all inclusive, including applicable contingency, inurcst. 
and escalation. Cost basis Is enclosed-typc vons true lion with 
land cost excluded and without pi-ovision for on-sitc dispo.sal of 
waste. Contingency applied to General Eloctric-bascd results 
is 18 percent. Interest and escalation ai’e per N'vSA factor of 
1.49 for 5-yr construction period. ^/kWo based on plant net 
output. 
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TABLE 5.2-3. - COMPARISON OF ADVANCED STEAM PLANTS USING 
DIFFERENT FURNACE TYPES 


[Steam conditions, 3500 psi/l000° F/1000° F; condenser pressure, 
1.5 in. of Hg for each; results developed by NASA from General 
Electric and Westlnghouse data.] 


(a) Performance comparison 



Based on 
General Electric 
data 

Based on 
Westlnghouse 
data 


CF 

AFB 

PFB 

CF 

AFB 

PFB 

Steam turbogenerator output, MVVe 

800 

800 

GOO 

800 

800 

G40 

Gas turbogenerator output. MWe 

— 

— 

177 

— 

— 

114 

Total gross output, MWe 

800 

800 

777 

800 

800 

754 

Auxlliaiy losses, MWe 

40 

52 


G2 

58 

24 

Total net output. MWe 

7 GO 

748 

751 

738 

742 

730 

Overall efficiency, percent 

37 

37 

38 

36 

3G 

38 


(b) Capital cost comparison^ 


Furnace/steam boiler cost, S/kWe 

UO 

126 


118 

103 

140 

Stack-gas cleanup cost, $/kWe 

139 

63 


97 

48 

(b) 

Steam turbogenerator cost, S/kWe 

66 

66 


61 

61 

52 

Gas turbogenerator cost. $/kWe 

— 

— 

58 

— 

— 

36 

Balani'c-of-plant costs, $/kWe 

320 

337 

310 

192 

198 

194 

Total 

6.35 

592 

622 

468 

410 

422 


(c) Cost of electricity 


Capital component of COE. 

20 1 

IS. 7 


14.8 

13.0 

13.3 

mills/UW-hr 



m 




Opera tlon-and-mabaenance 

2 2 

2,5 


1.0 

1.7 

1.7 

component of COE, 







mills/kW-hr 







Fuel component of COE, 

7.9 

7.9 

7.6 

8.1 

8. 1 

7.6 

mills/kW-hr 



— 




Total 

.30.2 

29.1 

30.7 

23.9 

22.8 

22.6 


”^Costs for each line Item are all inclusive, including applicable contingency, 
biterest, and escalation. Cost ha.sis is enclosed-type construction witli 
land cost e.\cluded and witliout provision for on-site disposal of waste. 
Contingency applied to General Electric-based results is 15 percent. 
Interest and escalation are per NASA factor of, 1.49 for 5-yr con- 
struction period. 

^Cost of gas cleanup equipment is included in furnace cost. 
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Figure 5. 2-Z - Range of General Electric and Westinghouse results for 
advanced steam systems - doth direct coat fired and with integrated 
gasifiers. 


I A General Electric data 



lai Conventional furnace. (d) Atraospheric fluidized bed. 


U 



Figure 5. 2*3. - Effect of overall energy elficiency on cost of electricity 
lor various furnaces • comparison of General Electric and Westlr^- 
house results. 
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Figure 5, 2-4. - Effect of steam throttle and reheat temperatures 
on cost of electricity for advanced steam plants - comparison 
of General Electric and Weslinghouse results. 
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Figure 5. 2-5. - Effecl o( steam reheat temperature on 
steam turbogenerator and furnace module costs for 
atmospheric fluidized bedvrith 3500-psig single 
reheat - comparison of Westinghouse and General 
Electric results. tWestinghouse turbogenerator 
cost corrected for 1.5-Inch-of-Hg condenser 
pressure. I 


Component capital cost. $/kWe 


Steam conditions. 

180 - ps[g/°F 

3500/1400 



3500/1000 

20 1 ^ I ^ J ! ! 

900 1000 1100 1200 1300 1400 1500 

Steam reheat lemperalure. •’F 

Figure 5. 2-6. - Effect of steam reheat temperature on 
steam turbogenerator and furnace module costs for 
conventional furnace with 3500-psig single reheat - 
Westinghouse results. (Turbogenerator cost cor- 
rected for 1.5-inch-of-Hg condenser pressure. I 


5.3 OPEH-CYCLE GAS TURBINES 

hy John L. Klann, Joseph J. Nainiger, anfl Paul T. Kerwin 

Gas-tunbine electric generators are used in the utilities industry mainly for 
peaking. Host of those in use today are based on the simple gas cycle, that 
is, without waste heat recovery (recuperation). Their use is attractive 
because of features such as low capital cost, quick load response, and short 
construction time. These gas turbines burn either natural gas or petroleum 
products and operate with temperatures to about 2000° F. However, current 
gas-turbine powerplants have lower conversion efficiency than steam-cycle 
powerplants. 

In EGAS, qas-turbine powerplants were assessed for base-load power 
generation with coal-derived fuels. Since these fuels wifl.be 
emphasis was placed on improving gas-turbine conversion efficiency. Hig e 
operating temperatures, recuperation, and bottoming cycles were considered by 
the EGAS contractors in Phase 1. Results for steam-bottomed gas turbines are 
considered separately in the next section, 5.4 COBBIN ED-CYCLE GA. 

TIIRBINE/STEAH TORBINE SYSTEMS. Overall results for organic-bottomed gas 
turbines a;e presented here, with a more detailed discussion in section 5.12 
ORGANIC BOTTOMING CYCLES. 


calculations, 
were for the 
6 were for 
:, of which 69 
re for organic 
ative of the 
there were 
definition of 
and (3) the 
se differences 


5.3.1 Scope of A nal ysis 

Both contractors emphasized the recuperated cycle in their 
General Electric calculated a total of 37 cases, of which 26 
recuperated cycle, 5 were for the simple cycle, and 
organic-bottomed gas turbines, Hestinghouse calculated 97 case 
were for recuperated cycles, 25 were for simple cycles, and 3 we 
bottoming. The schematic in figure 5.3-1 is represent 

recuperative cycle assumed by both contractors. However 
differences in approach, mainly with regard to (1) the 
turbine-inlet temperature, (2) recuperator construction, 
suppression of (NOX) in the cCmbustion products. Effects of the 
are discussed in section 5.3.2. > 

A comparison of the ranges of calculations performed by the contractors is 
presented in table 5.3-1. Underlined parameters indicate either base-case 
conditions or emphasis. Both contractors used clean, coal-derived fuels that 
would be supplied to the powerplant from a remote processing plant rather than 
produced on the site. General Electric used "high-Btu" gas as a base fuel. 
TWO cases considered coal-derived liquids. Hestinghouse used a distillate of 
coal as a base fuel and included one case with high-Btu gas. 

Both contractors assunied a base-case 
near-term increase over present level 
used as the basic method for turbine 
performance with uncooled ceramic stat 
Hestinghouse also evaluated the use of 
case, only a small amount of cooling 
avoid disk and rim overheating. Gene 
water cooling {simple cycle, table 5.3 
3000° F. 


turbine- inlet temperature of 2200° F, a 
s. Bleed air from the compressor was 
cooling. Both contractors evaluated 
or vanes and air-cooled turbine blades, 
both ceramic vanes and blades. In this 
air was needed as a blocking flow to 
ral Electric considered one case with 
1-1 (a)) at a turbine-inlet temperature of 


Hestinghouse examined most gas-turbine parameter changes over a range in 
comoressor pressure ratio. Ranges in recuperator effectiveness and pressure 
drop were studied for the base-case turbine-inlet temperature of 2200 F. At 


Inlet temperature of 2200° F. At 
conditions the underlined values of effectiveness and pressure 
drop(table 5.3-1 (b)) were assumed for recuperation. General Electric 


other 
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fiinohasized slightly higher values for both recuperator effectiveness and 
pressure drop than did Westinghouse- Westinghouse also examined some effects 
of intercooling between compressors. Almost all calculations were made for a 
turbomachinecy speed of 3600 rpm. 

Both contractors chose to use fixed values of compressor“inlet air mass-flow 
rate. Hestinghouse used 750 Ib/sec for a]l calculations. General Electric 
used 570 Ib/sec for all but three cases: the 3000® F, water-cooled case for 
the simple cycle, where the flow rate was increased to 700 Ib/sec; the 

IROO— rpm recuperated case, wnere the rate was 2280 Ib/sec; and the 5100— rpm 
recuperated case, where the rate was 170 Ib/sec. The base— case inlet 

mass-flow rat. s were chosen mainly because of previous design experience at 
the resultant frame sizes. Powerplant specific power output, in kW/ (Ib/sec), 
varies with each combination of gas-turbine parameters. Therefore, fixing the 
values of inlet mass-flow rate results in a variation in gas-turbine unit 
output. For the simple cycle cases in General Electric's analysis, unit 

outputs varied from 87 to 212 HH. The corresponding unit outputs for 

Westinghouse varied from 56 to 122 MW. For the recuperated cycle analyses the 
unit output ranges were from 25 to 323 MW in the General Electric results and 
from 60 to 148 MW in the Westinghouse results. General Electric emphasized 
single gas-turbine units in their analysis. One case for the recuperated 
cycle (table 5.3-1 (b)) considered a powerplant with four units. Westinghouse 
assumed four gas-turbine units for all but the bottorainq-cycle studies (table 
5.3-1(c)), where single units were used. 

For bottoming cycles. General Electric assumed Fluotinol-85 as the working 
fluid and studied the bottoming-c ycle parameter changes shown in table 
'‘1.3-1 (c) . Westinghouse examined two organic working fluids and sulfur dioxide 
for the bottoming cycle, mainly to study effects of bottoming- cycle operating 
temperature level. 


5.3.2 Results of Analysis 
5. 3. 2.1 Overall Comparison 

Figure 5.3-2 shows the cost of electricity (COE) as a function of overall 
energy efficiency from both contractors' results. Major parametric variations 
are shown by circles for the simple cycle, by squares for the recuperated 
cycle, and by diamonds for the bottomed cycles. Solid symbols are used to 
indicate the base-case turbine-inlet temperature of 2200® F. Related 
variations in gas-turbine- inlet temperature and recuperator effectiveness are 
joined by straight lines. These results are for a 59® F day and a powerplant 
capacity factor of 0.65. 

Although the contractors emphasized different fuels, both the coal distillate 
(used by Westinghouse) and the high-Btu gas (used by General Electric) were 
estimated by their respective users to have a conversion efficiency from coal 
to the fuel form of 0.50. Hence, for most of the data in figure 5.3-2, the 
powerplant efficiency is twice the energy efficiency. The alternate fuels 

considered by each contractor were estimated to have coal conversion 
efficiencies greater than 0.50. 

Comparison of similar calculations for the simple and recuperated cycles in 
figure 5.3-2 shows that, in general. General Electric's COE was about 3 
mills/kW-hr higher than Westinghouse 's COE; and General Electric's energy 
efficiency was about 2 percentage points lower than Westinghoup 's. The 
differences in efficiency and COE are considered in more detail in sections 
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5. 3.2. 2.1 and 3.2. 2. 2 


Of course, efficiency and total cost of electricity are not the only criteria 
for evaluation of powerplants. Table 5.3-2 compares some other 
considerations: namely, capital cost, operation-and-naiatenance cost, and 

estimated time for construction. Ranges in these parameters are presented in 
the table for both contractors* results as a function of the type of 
conversion cycle. There are differences between the contractors* results. In 
general, Westinghouse shows slightly higher capital costs, longer construction 
times (Westinghouse had 4-unit installations compared with single units for 
G.E.), and lower operation-and -maintenance charges than does General Electric. 
These differences are examined in more detail in the section 5.3.2. 2.2. 

As has been past experience for gas-turbine powerplants, capital costs are 
projected in these studies to remain low. They appear to be of the order of 
J150/kW for simole-cycle plants and of the order of $200/kW for 

recuperated-cycle' plants. The plants with bottoming cycles have about double 
the capital costs of the recuperated powerplants without bottoming cycles. 

5.3.2. 2 Discussicn and Assessment 

The trends shown in figure 5.3-2 by both contractors are similar. Increasing 
»■ urbine-inlot temperature to 2600 ® F with air-cooled turbine vanes and 

blades increases efficiency and decreases the cost of electricity. Because of 
efficiency penalties in supplying cooling air from the compressor, further 
increases in temperature offer little or no gains. General Electric’s results 
for the simple cycle show an increased cost and decreased efficiency between 
7.600° and 3000° F with air cooling. 

Both contractors* results show that for similar temperatures the recuperated 
cycle has a higher efficiency and lower COE. 

Although large ceramic vanes are not state of the art, both contractors show 
reduced cost and increased efficiency for recuperated configurations. 

Among the Westinghouse results for the recuperated cycle, the effects of 
iiitercooling show a 1.5-percentage-point (or 8 percent) ioprovoment in 
efficiency and about a 2-mill/kH-hr (or 6 percent) decrease in COE in spite of 
the added complexity. 

In the General Electric results, the data taken with solvent-refined coal 
(SRC) show the lowest cost of electricity and the highest energy efficiency. 
However, General Electric estimated that because of high fuel-bound nitrogen, 
NOX emission standards could not be met with the use of liquid SRC. 

General Electric's results show the least coE for a recuperator effectiveness 
near 0.8. Westinghouse results show that about 0.9 effectiveness yields the 
least cost. These results are not necessarily in conflict. The value of 
effectiveness that yields the least cost is strongly dependent on the heat 
exchanger geometry and the type of construction. Westinghouse assumed a pure 
plate— fin type of gecmetry on both the air and gas sides of the recuperator. 
General Electric used a "strongback" construction with relatively thick 
spacers on the air side of the recuperator and plate-fin surfaces on the gas 
side. Hence, the recuperator construction in the Westinghouse approach was 
lighter than that in the General Electric approach. Because of the lighter 
construction, there would be a lesser increase in recuperator mass (and cost) 
with increasing effectiveness. Therefore, the lighter construction should 
yield the least COE at a higher level of effectiveness. (A more detailed 
discussion and assessment is presented in section 5. 3. 2. 2. 4.) 
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Results in figure 5.3-2 shoued substantial increases in energy efficiency with 
the addition of organic or sulfur-dioxide bottoming cycles. General Electric 
results also showed that these higher efficiencies could be obtained at about 
the same cost of electricity as the recuperated cycle. Hestinghouse results 
showed about a 3- to 4-aill/ltH-hr increase over the recuperated -cycle data at 
similar gas-turbine inlet temperatures. 

5. 3. 2. 2.1 Efficiency comparisons . - In general, figure 5.3-2 shows higher 
efficiencies for the Hestinghouse results than for the General Electric 
results. Figure 5.3-3 further expands on the performance differences for the 
recuperated-cycle base-case conditions over the calculated range in compressor 
pressure ratio. The difference between peak thermodynamic efficiencies is 3 
percentage points. Also, General Electric's results showed about an 11 
percent higher specific output than Hestinghouse' s results. 

Details of the contractors' approaches and cycle parameter assumptions were 
examined for differences. Table 5.3-3 lists those that were identified by 
NASA as the major reasons for the performance differences between the 
contractors. To illustrate this, parallel calculations using each of the 
contractor's parameters were made at the Lewis Research Center. Because of 
the proprietary data, such as cooling schedules, the NASA calculations were 
made to illustrate the trends and effects of differences in approach and not 
to duplicate the contractor results. 

Performance factors used in the NASA calculations are listed in table 5.3-4. 
calculation A parallels the Hestinghouse conditions (table 5.3-3) and 
calculation B parallels the General Flectric conditions. Each parameter 
unange between A and B was calculated separately, and the results are 
discussed in the following paragraphs. Effects of each parameter change on 
efficiency and specific output ace listed in table 5.3-5 and the overall 
results, plotted in figure 5.3-4, show that the Lewis calculations approximate 
the differences in efficiency and the trends in specific output in the 
contractor's results. 

The fuels that were used by the contractors introduced performance differences 
mainly because of differences in heating values (section 4,1). The size of 
the performance difference (table 5.3-5) is also larger than would be expected 
in practice because of the use of the higher heating value as specified in the 
common ground rules. Combustion of high-Dtu gas forms more water vapor than 
combustion of coal distillate. And because of the high temperature of the 

exhaust the water vapor is not condensed and its energy is not recovered. The 
NASA calculations (table 5.3-4) approximated coal distillate with kerosene, 
which has siniiar heating values and composition. 

Hestinghouse defined turbine-inlet temperature at the inlet to the first-stage 
nozzle. However, General Electric defined turbine-inlet temperature at the 
exit ulane of the first-stage nozzle vanes (footnotes, table 5.3—3). The 
temperature is higher at the inlet to the nozzles than at the exit because of 
the cooling flow introduced in these vanes. According to an NASA coolrng 
schedule, a 2260° F firing temperature yielded a 2200'’ F temperature at the 
first-stage nozzle exit. 

Differences between, the contractors' base-case recuperator parameters are 
shown in table 5.3-3 and were accounted for in the similar Lewis calculations, 

A further difference between contractors occurred because General Electric 
used water injected into the combustor to control NOX formation and thus meet 
environmental standards. hestinghouse evaluated the NOX problem and 
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aetermined that a two-stage dry combustor would be required to control NOX. 
The Mestinghouse results for SCAS Phase 1 do not include performance or cost 
penalties associated with NOX control. Environmental standards would probably 
be exceeded for all turbine-inlet temperatures above 1fl00“ F. 

One of General Electric's analytical assumptions was that cooling-flow mass 
was added behind the turbine-stage buckets. This implied that nozzle cooling 
flow contributed no stage work. Hestinghouse did calculate the added stage 
work, similar assumptions were made in NASA calculations A and B. 

Examination of the incremental effects of these differences (table 5.3-5) 
showed that the differences in fuel, water injection, and stage-cooling work 
were dominant. The effects of differences in turbine-inlet temperature and 
recuperator parameters were small. The NASA calculations duplicated the 
3-percenhage-point difference in efficiency between the contractors' results. 
The change in specific output was smaller in the NASA calculations than 
between the centric tors' results, but it did verify the trend. 

5. 3. 2. 2. 2 C ost com pa rison s. - In general, it is difficult to make any 
judgments in comparing contractor capital and 0 and M cost estimates. There 
are many factors in the estimating process in which one may be more 
conservative than the other. Furthermore, in the Phase 1 effort both 
contractors were faced with scaling existing data over large ranges and into 
unknown areas. Cost comparisons were made to show where differences exist but 
not necessarily to resolve them. 

Table 5.3-6 presents a comparison of performance factors between the 
reeuperated-cycle base cases. The total cost of electricity between the cases 
differs by about 10 percent. Host of this difference is in the fuel cost, 
which is due to the difference in powerplant efficiency. The Hestinghouse 
capital costs ace about 20 percent greater than those of General Electric. 
However, the opera tion-and-mai n ten ance (0 and M) cost estimates are reversed, 
with General Electric's estimate three times that of Hestinghouse. Hence, the 
sums of capital and 0 and H costs were about the same. 

Although C and a charges are a small part of the estimated cost of 
electricity, the factor-of-3 difference seems large. Part of this difference 
in 0 and !1 cost may be due to Hestinghouse's use of a four-unit, larger-output 
plant than General Electric's single-unit plant. The G and H charge for 
General Electric's four-unit case was 1.6 mills/kff-hr. This brings the 0 and 
a charges closer, but they still differ by a factor of more than 2, 
Hestinghouse generated an empirical equation for 0 and H costs that was only a 
function of capacity factor. Therefore, for a fixed capacity factor, the O 
and M cost was constant. General Electric’s approach was to estimate the O 
and H cost as a certain number of dollars per year for each powerplant, 
depending on the fuel and operating temperatures. Therefore, the General 
Electric 0 and H cost, within similar parametric variations, was a function of 
both capacity factor and power level. Adjusting General Electric's four-unit 
0 and M cost to the same power level as Hestinghouse's base case yields 1.3 
roills/kH-hr. Hence, a.fter adjustments, the 0 and M costs appear to differ by 
less than a factor of 2. 

From table 5.3-6, it would appear that the capital cost estimates for the 
recuperated, open-cycle, gas-turbine plants are in reasonable agreement. 
However, there ate some rather large differences in some of the components of 
capital cost; namely, in direct costs for the ba la nce-of- plant assembly and 
installation. 

Table 5.3-7 presents a breakdown of the capital cost factors in dollars per 
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kilowatt. The levels of breakdown are by direct corts, indirect costs, and 
escalation and interest costs during construction. The escalation and 
interest cost factors were 12 percent of the total capital cost for the 
General Electric case and about 19 percent for the Hestinghouse case. The 
same rates were used by both contractors, and most of the difference here is 
due to the differences in estiaiated time of construction (table 5.3-6}, 

The indirect costs and other charges are mainly a matter of bookkeeping. 
Individual rates for the indirect costs were different with each contractor. 
However, the sums of the indirect costs in table 5.3-7 are approximately the 
same. Most of the actual difference between contractor estimates, then, is in 
direct costs. 

Major component costs as reported by the contractors for their base cases are 
nearly identical; $101.7/kW for General Electric and $99.5/kH for 
Hestinghouse. This is somewhat misleading in two ways. First, there were 
differences in recuperator construction and design parameters^ (These 
differences ate assessed in section 5. 3. 2. 2. 4.) Second, there were differences 
in major-component cost accounting. General Electric’s results were for the 
cost of the gas turbine delivered to the plant site. Remaining costs of 
material and labor to install the gas turbine were part of the balance-of- 
plant costs. Hestinghouse major-component costs were for materials only. 
Labor costs for assembly and installation were part of the balance-of-plant 
labor cost. 

The direct costs shown in table 5.3-7 have been adjusted so that the 
ma jou-compenent costs for both contractors include all material and labor 
costs for installation of the gas turbine. Even after these adjustments were 
made, ma jor-cempone nt costs were very close and did not account for the 
difference in capital cost estimates between contractors. The difference, 
then, was mainly because of direct b al an ce-or— plant costs. Hestinghonse* s 
balance-of-plaut costs were 2.2 times those of General Electric. Comparison 
of other cases showed similar differences in direct balance-of-plant costs. 

No reason could be found that would totally resolve the differences in direct 
balance-of-plant costs. W estinghouse* s use of coal distillate does require a 
fuel-oil handling system and storage tanks. However, the handling system was 
only 2.6 percent of the total direct cost, and the storage need would not 
influence the total by more than 2 or 3 additional percent. 

5, 3. 2. 2,3 Mterna te considerations . - The following alternatives were 
considered : 

5. 3. 2. 2. 3.1 l/se of a pressurized fluidized bed combustor: The contractor 

results and the comparison of data in this report indicate a substantial 
penalty for the open-cycle gas turbine introduced by the requirement for a 
processed fuel. The processing efficiency dramatically reduced overall 
efficiency, although COE remained attractive. There are at least two options 
for direct firing of an open-cycle gas turbine with coal: a modularized 

gasifier or a PPE combustor. Neither of these options was included in EGAS. 
To provide insight into the potential for this class of system, Lewis 
performed a curscry evaluation of the PFB combustor, stand-alone open- cycle 
gas turbine. Such a combination would increase capital cost, but it would 
also improve overall energy efficiency by eliminating the fuel conversion 
inefficiency. Such configurations have been considered in ECAS, for several 
systems, as the pressurizing loop for pressurized fluidized-bed combustors; 
however, they were not considered as a stand-alone powerplant. The staff at 
Levis has made some estimates of the performance of such a powerplant, as 
summarized in table 5.3-8. 
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A turbine-inlet tenperature of 1800° F «as assuned along with a recuperator 
effectiveness of 0.80. The recuperator pressure drop (delta P/P) was 0.04, 
The pressurized fluidized-bed combustor was assumed to have a heat loss of 5 
percent and a ptessure drop (delta P/P) of about 0.13. An operating 
compressor pressure ratio of B was chosen and resulted in an overall energy 
efficiency of 0.32 as shown in table 5.3-8. Four gas turbine units were used, 
each fed by three fluidized-bed combustors. Total powerplant output was 276 
MW, Direct costs were scaled from Westinghouse’s Phase 1 results, and 
Hestinghouse *s charge rates for indirect costs were used, except for the 
contingency cost, which was assumed to be 20 percent (rather than 6.5 percent 
as in the Hestinghouse approach) of the total direct cost. The total capital 
cost was estimated to be $490/kW (or 15.5 mills/kH-hr) . This is from 2.5 to 3 
times the capital cost of the contractors* recuperated clean- fu el- fired base 
cases (table 5, 3-6) , 

The fuel cost was 9.0 mills/kW-hr using Illinois #6 coal, which is 60 to 65 
percent lower than the base cases in table 5.3-6. Hence, the reduction in 
fuel charge more than offset the increase in capital charge. The 0 and M 
charge was taken as 1.8 mills/k H-hr, such that the total cost of electricity 
was 26.3 mills/kH-hr. Hence, these estimates show a 13- to 14-percent 
decrease in cost of electricity compared with table 5.3-6 and 5 percent 

lower th- the lowest COE determined, 

A majo^ uncertainty in such a configuration is the effectiveness of the 
particulate removal system required for the turbine-inlet gas. However, the 

requirements are no more severe than those for the pressurized fluidized-bed 

boilers in steam power systems or for pressurized fluidized-bed gasifiers. 
Because of the requirement for larger amounts of excess air, the cleanup 
system flew rate per unit of coal flow is higher for the stand-alone, 

open-cycle, gas-turbine system. An estimate of the impact on cost has been 
included in the estimates in table 5.3-8, 

The pressurized fluidized-bed and the required particulate removal systems 
require further investigation. The results in table 5.3-8 indicate that it 
might be a possible alternative to either the clean-fnel-f i ted gas turbine or 
the open-cycle gas-turbine combined with a steam-bottoming cycle and fed by an 
integrated gasifier. It has a higher overall energy efficiency than 

clean- fuel-fired turbines, and it has the potential for more operational 
and/or siting flexibility than an integrated- gasifier turbine system, with 
competitive cost of electricity. 

5. 3. 2. 2. 3. 2 Performance effects of technology advancements; The effects of 
several potential technology advancements were not evaluated in EGAS Phasel, 
The relative cycle performance effects of some selected potential improvements 
were calculated by the Lewis Research center and are aocuraented here for an 
initial assessment of future impact on open-cycle, gas-turbine powerplants. 
Tlie cost effectiveness of these advancements was not evaluated. 

Results of the NASA calculations are presented in figure 5.3-5. The NASA 
base-case cycle assumptiens were somewhat arbitrary: turbine- inlet 

temperature, 2263° F; recuperator effectiveness, 0.85; relative recuperator 
pressure drop (delta p/P) , 0.03; and turbine and compressor polytropic 
efticLency, C.90. Furthermore, the base case assumed the turbine material to 
be Inconel-7 38. 

Figure 5, 3-5 (a) shows the relative effects of a change in turbine alloy and 
the combination of a Change in. alloy and orecooling the compressor bleed flow 
before using it for turbine cooling. The advanced turbine alloy was Rene-120. 
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Because of its higher strength at a turbine-inlet temperature of 2260° F and 
its correspondingly lower turbine cooling-air requirement, thermodynamic 
efficiency was increased. For gas turbines operating at a pressure ratio of 
10, efficiency would increase by 1.1 percentage points and specific output 
would increase by about 5 percent. The compressor bleed flow was assumed to 
be cooled to 200° F before its use in the turbine. Again at a pressure ratio 
of 10, the gain, in efficiency would be 0.4 percentage point and the increase 
in specific output would be about 2. 5 percent. 

Fiqure 5. 3-5 (b) shows the effects of using a barrier coating on turbine vanes 
and blades made of inconel -738. The coating was assumed to be zirconia, 0.015 
inch thick. This coating is being investigated at Lewis. At the temperatures 
assumed here, it has a thermal conductivity of 0.6 Btu/hr/ft/° F. 
the NASA calculations at a constant turbine-inlet temperature of 2260 F cut 
the required turbine cooling flow about 50 percent. The results in the figure 
show that at a pressure ratio of 10, the efficiency gain was 1 percentage 
point, while the specific output increase was about 5 percent. At higher 
firing temperatures, the impact will be larger. 


increased turbine and 
are shown from the base-ca 
y to 0. 92 while holding 
of both efficiencies to 0 
ratio of 10, showed 
and a 3-percent increase 
curves show the sensitivi 
levels of small-stage or 


compressor 
se value of 
compressor 
.92. Each 
about a 
in specific 
ty of cycle 
polytropic 


Figure 5.3-5(c) shows the effects of 
polytropic efficiency. Two step changes 
0.90; an increase in turbine efficienc 
efficiency at C.90; and an increase 
change, at a compressor pres.sure 
1 — per cetitage— pci nt increase in efficiency 
output over the previous case. These 
performance with respect to attainable 
efficiency. 

The potential advances shown in the curves of figure 5.3-5 demonstrate^ that 
gas-turbine technology is dynamic and that, with development, future 
Lproveraents in performance may be erpected, Succepful application or 
advanced turbine alloys with thermal-barrier coatings might allow two avenues 
for growth; namely, either higher operating temperatures with relatively clean 
fuels and without excessive cooling-flow penalties, or operation at 
conventional temperatures with greater resistance to the corrosive products 
from a coal-fired, f luidized-bed combustor. 

53224. Recuperator. - The recuperator represents a major cost item in 
the 'open-cycle gas-turbine systew. For the respective base cases. General 
Electric shows a cost increase ot $41/kHe when adding a recuperator to h^ 
simple cycle. The Hestinghouse results show a capital cost increase of 

$24/kHe. However, the base-case effectiveness for Hestinghouse 
compared with 0.85 for General Electric. Although the recuperator adds to the 
plant cost, its addition increases cycle efficiency sufficiently to reduce the 
cost of electricity. Both contractors show a reduction of 3 mills/kH-hr for 
the recuperated cycle compared with the simple cycle. 

Hestinghouse included recuperator costs as a line item, while General Electric 
included the recuperator cost with the turbomachinery and generator. However, 
by subtracting the simple-cycle turbomaGhinery and generator costs 
rLuperated-cycle costs, a rough estimate of recuperator cost can be deduced. 

Both contractors used pure counteeflow plate- fin construction. Hestinghouse 
used a compact (large heat transfer area per unit volume) surface on both the 
air and gas sides. However, for G.S. cases, a construction similar 
recuperator for the G.E. 700 1R was the basis of cost and size estimates. Thi.. 
new ^7001R industrial recuperator is quite similar to the strongback 
ccustructicn developed by Harrison Radiator, Inc. The heat transfer surface 
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used by '•Jestinghouse is more dense, that is, it has more area per unit volume 
than the General Electric surface. 

The selection of heat transfer surface has an effect on recuperator cost and 
size. In general, the denser surface will cost more per unit of volume but 
ytll cejuire a smaller volume or weight. As has been discussed earlier, the 
surface or type of construction selected influenced the system results, For 
an application, there is an optimum heat-exchanger surface that results in 
minimum ccmponent cost, A recuperator core optimization was beyond the scope 
of Phase 1, Therefore, the contractors selected configurations that they 
believed would meet the system requirements at a reasonable cost. 

The design parameter having the greatest effect on recuperator size and 

■therefore cost is the recuperator effectiveness. Within the range studied, 
results of both contractors have shown that pressure drop ratio has only a 
small effect on recuperator cost. The recuperator heat transfer area is 
related to effectivenss in a dimensionless parameter called the number of 
thermal units transferred (NTH) by Kays and London (ref. 6). The NTU’s relate 
effectivness to core heat transfer area; but if a fixed type of surface is 
used and end sections and manifolds (i.e. , wrap-up) are a constant fraction of 
♦■he core, the total volume or cost is also directly related to effectiveness. 
The required KTO’s are also a function of working-fluid flow rate. Therefore, 
care was taken to choose cases for comparison that had a constant 

power- to- flow ratio. Varying effectiveness varies efficiency by reducing 

required thermal input rather than flow rate. 

Recuperator cost as a function of effectiveness is presented in figure 3.3-6 
for both contractors. The costs shown for both contractors include the 

recuperator and associated ducting. The ducting costs should not vary 

significantly with effectiveness so that the data shown tend to underestimate 
the variation in cost of the recuperator alone. Data for G.E. costs were 
deduced from a comparison of recuperated and uonrecuperated systems. As 
effectiveness increases, recuperator cost also increases, as would be 

expected. The General Electric cost trend shown is much steeper than the 

Westing house curve. This is the primary reason that the minimum cost of 
electricity occurs at a lower value of effectiveness for General Electric, 

The NTH relation for a count erf low configuration indicates that the 

recuperator should be approximately twice the size for an effectiveness of 
O.dO as for an effectiveness of 0.80. In this same range the General Electric 
cost increases by a factor of 3.66, but the Hestinghouse cost by only 1.58. 
The General Electric costs increase more rapidly than would be indicated by 
the NTO relation between 0.80 and 0.90. The Westinghouse costs increase less 
than would he indicated by the HTO's over the same range. Between 
effectiveness values of 0.90 and 0.95, the General Electric costs increase 
less than would be indicated by the STO r elation. 

To enlarge the d.aha base on recuperators, study efforts were let to AiResearch 
Kanufacturing Company and Zurn Industries, Incorporated, through an NASA 
contract with Burns and Roe. AiResearch provided cecupr rator design and cost 
information relative to plate— fin units, and Zurn provided similar information 
for shell-and-tube construction. Since the results of the AiResearch and Zurn 
studies were intended for general use in the in-iLoase studies^ there is not a 
direct correspondence with the General Electric and Hestinghouse cycle points. 
The data were used as a basis for sizing and costing relations, 

5. 3. 2. 2.4.1 Plate fin; The selection of the fin matrix geometry was based on 
providing passages large enough to pass particulate cleaning agents typically 
used for industrial gas turbines. The gas-side matrix has a fin height of 

•a 
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0 55 inch and a pitch of 6 fins pex inch. The selected materials of 
construction were AISI-409 at metal temperatures up to 1000° F and AISI-201 
above 1000° F. Design and costing were based on use of a single material 
within a recuperator. Using bimetallic plates or varying fin material at 

lower Lraperatures in a single unit was not considered. _ Likewise no 
consideration was given to the use of a ‘'igh-temperature and a low-temperature 
recuperator in series. Such a series arrangement would take advantage of 
lower cost materials as temperature decreases but would require additional 
manifolds, ducts, and end sections. 


5. 3. 2.2. 4. 2 Shell and tube: 
heat-exchanger construction fo 
configuration was c ounteri lo w, 
on the shell side. The tubes 
while the shell side was baffl 
matrix of plain tubes 
2 , 25 -inch-square pitch to fac 
were not considered. Since 
(fabrication limit based on Z 
were required. Only a single 


Zurn used a conventional sheil-and-tube 
r the open-cycle recuperator. The overall flow 
with the exhaust gas in the tubes and the air 
were arranged in a single pass through the unit, 
ed to form a number of crossflow passes. A core 
having a 2-inch outer diameter placed on 
ilitate cleaning was selected. Finned surfaces 
shell diameter was limited to less than 8 feet 
urn plant capacity), a number of parallel units 
unit was used in the flow direction. 


While a single tube material was used for a particular recuperator, the tube 
sheet and shell materials were graded according to 

tpmceratures below 1100° F, the selected tube material was 1.^.5 chromium-0.5 
Svbd^SSJ! in ?he range if 1100° to 1300° F, 304 stainless steel tubes were 
used. The shell material in a particular unit was varied as follows: carbon 
steel up to 950° F, carbon-0.5 molybdenum between 950° and 1C50 F, 1.2b 
ihroiium-0.5 molybdenum from 1050° to 1200° F, and 304 stainless steel above 

1200° F. 

comoarison of the AiUeseatch and Zurn results indicates that 
standpoint of weight, volume, and cost the plate-fin recuperator is preferred 

for the open-cycle system. 

The platG-fin recuperators range from 2,5 to 6 times more expensive than the 
shell-and-tube units on a per pound of fabricated heat-exchanger basis, with 
the greatest difference being at low temperatures. This 

the higher cost of fabricating the finned surface and assembly. However, 
because the plate-fin surface has considerably more heat transfer area pe 
unit of weight or volume, the cost per unit of area is Less for the plate fin 
recuperator. The cost of a P^^te- fin recuperator ranges from 50 _ percent ^^ o^ 
the cost of a shell-and-tube unit, sized for the same conditions, at low 
temperatures to only about 20 percent when 304 stainless steel tubes are used. 

It is therefore apparent that the EGAS contractors were well justified in 
their selection of plate-fin core geometry. 

one set of design conditions given to AiBesearch corresponded to. the Roneral 
Electric base case. This was done primarily to determine what improvements 
?oufa be “laul.ri.Y de.iatin, fro.' the ttedltioaal iaduetnal reoapet.tor 
plate-fin surface. AiResearch used the offset-fin surface 

The General Electric base-case recuperator was Jo’-e 

million and to weigh 440,000 pounds. AiResearch estimated that with the more 
impact surface the weight could be reduced to 276,000 pounds at a cost 
savings of approximately 30 percent. 

5.3.3 n oncluding Remarks 

The dominant portion of the cost of electricity produced by gas turbines in 
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EC&S Has the fuel cost. Hence, the contractcrs xn EGAS Phase 1 emphasx^eii 
methods Ecr iaproving gas- turbine conversion effxciency. It was shown that 
increasing operating temperatures, with air cooling, was economxcally 
beneficial up to about 2600“ F. incorporation of ceramxc vanes or ceramic 
vanes and blades would reduce air-cooling needs and would farther reduce the 
cost of electricity and increase gas-turbine efficiency. However, neu 

technology is needed to develop large static and rotating ceramic blades. 

Both contractors showed that recuperated gas-turbine powerplants operating at 
a turbine-inlet temperature of about 2200° F offer attractive COE for 
near-term use. For clean coal -derived fuels delivered to these powerplants, 
the cost of electricity was projected to be neat 30 mills/M-hp The addition 
of compressor intexcooling was shown by Hestinghouse to further decrease th 
cost of electricity by about 6 percent. Projected capital costs for these 
types of powerplants are in the range of about $150/kH to $200/kW. 

With higher operating temperatures the formation of nitrous oxides may become 
a problem. General Electric chose water injection at the combustor to control 
NOX formation and meet environmental standards. This is currently the 
accepted and near-term approach to the problem. However, as was shown by 
NASA, there are efficiency penalties associated with this approach. 
Additional research and technology could offer a better solution for 
conventional combustors through prevaporization and/or premixing of the tuei- 

Potentials of incorporating organic bottoming cycles with gas turbines were 
also addressed here by the EGAS contractors. Both showed substantial 
increases in conversion efficiency with these techniques. However, capital 
costs were about doubled with the addition of the bottoming cycle and its 
related BOP. The resultant eEfe'ct was no net reduction in the projected cost 
of electricity. 

some estimates were made by the Lewis staff for a gas-turbine case with 
pressurized-fluidized-bed combustors in a stand-alone powerplant. ^though 
the capital cost increased by about 2.5 times that of conventional gas turbine 
systems, the fuel charge was reduced by about 60 percent. The net result was 
a projected cost of electricity of about 26 mills/kW-hr. 

Some further effects of technology advancements on gas-turbine performance 
were calculated by the Lewis Research Center. Successful application of 
advanced turbine alloys, thermal barrier coatings, and improved component 
efficiencies were shown to offer potential impcovements in gas-turbine 
efficiency and specific power outpux. 
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TABLE 5.3-1. - GOMPAHISON OF RANGES OF iMAJOR PARAMETERS MVESTIGATED FOR 

OPEN-CYCLE GAS TURBINES 

[Underlined parameters denote base-case conditions or emphasis.] 

(a) Simple cycle 


Parameter 

General Electric conditions 

Westinghouse conditions 

Fuel 

High-Btu gas 

Coal distillate 

Turbine-inlet temperature, °F 

“2200; ‘'2600; ‘'3000 

*'1800; ''2000; ''2200; ''2600 

Pressure ratio 

12; IS 

6; 8; 10; l2i; 16; 20; 24 

Cooling method 

Air; water; ceramic vanes 

. Air 

Machinery speed, rpm 

3600 

3600 

Met mass-flow rate, Ibm/sec 

570; 700 

750 

Number of units 

1 

..... .4. 


(b) Recuperated cycle 


Fuel 

High-Btu uas; coal liquids 

Coal distillate; high-Btu gas 

Turbine-inlet temperature, °F 

‘'1800; “2000; “2200; “2600 

1800; 2000; 2200; 2500 

Pressure ratio 

8; 12; 16 

6; 8; 10; 12; 16; 20!; 24 

Recuperator effectiveness 

0.8; 0.85; 0.9; 0.95 

0.7; 0.8; 0.9 

Cooling method 

Air, ceramic vanes 

Air; ceramic vanes; oerainic vanes andbladea 

Intercooling temperature, °F 


92 

Machinery speed, rpm 

1800; 3600; 6100 

3600 

Recuperator pressure drop, AP/P 

0.03; 0.05; 0.07; 0.09 

0.02; 0.03; 0.04 

Met mass-flow rate, Ibm/seo 

170; ^ 

750 

Number of units 

ii 4 

4 


<o) Gas turbines with organic or SOg bottoming cycles 


Bottoming-cyde fluid 

Fluorinol-85 

R-12; meOiylamine; SOg 

Bottoming-cycle turbine-inlet 
temperature, °F 

600 

°400; °600; ‘'lOOO 

Boiler pinch-point, AT, °F 

60; 70 

^65; °1S0 (supercritical, cold-end AT) 

Boiler hot-end AT, °F 

°113; 227; 230 

100 

Boiler gas-side pressure drop, AP/P 

0.02; 0.05 

0.05 

Cooling-tower type 

Dry; wet 

Wet 


‘'■Defined at exit of first-stage no2zles. 

'^Defined at inlet to first-stage nozzles. 

®Base-case recuperated gas-cycle conditions apply, except turbine- inlet temperature was 2000° F, pressure ratio 
was 8, and single unit was used. 

‘*Base-case recuperated gas-cycle conditions apply, except turbine-inlet temperature was 2500° F, pressure ratio 
was 16 (simple cycle) , and single unit was used. 

°Base-ease recuperated gas-cycle conditions apply, except turbine-inlet temperature was 1800° F. 
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TABLE 5.3-2. - COMPARISON OF ESTIMATED RANGES IN 
PERFORMANCE FACTORS FOR OPEN- 


CYCLE GAS turbines 


Cycle fype 

Performance factor 

General 

Electric 

range 

Westinghouse 

range 

Simple 

Capital cost, $/kWe 

99 - 138 

166 - 189 


Opera tion-and-maintenance 
cost, mills/kW-hr 

1.5 -2.0 

0.7 


Construction time, yr 

1 

~2.5 

Recuperated 

Capital cost, 5/kWe 

148 - 216 

190 - 224 


Operation-and-maintenance 
cost, mills/kW-hr 

1.6- 2. 9 

0.7 


Construction time, yr 

1 or 2 

~2-5 

Bottomed 

Capital cost, $/kWe 

334 - 427 

432 - 454 


Operation-and-maintenance 
cost, miIls/fcW**lir 

2.5 - 3.5 

0.6 


Construction time, yr 

2 

3.5 - 4.0 


TABLE 5.3-3. - MAJOR PERFORMANCE FACTOR DIFFERENCES 
BETWEEN CONTRACTORS' RECUPERATED OPEN- 


cycle-gas-turbine base gases 


Performance factor 

General Electric 
conditions 
(case 6) 

Westinghouse 
conditions 
(c^se 1) 

Fuel 

High-Btu gas 

Coal distillate 

Turbine-inlet terapera,ture, °F 

^2200 

^^2200 

Recuperator 

Effectiveness 

0.85 

0.80 

Pressure drop, AP/P 

0.05 

0.03 

NOX suppression 

Water injection 

None 

Stage work due to its cooling flow 

No 

Yes 


^Defined at exit of first-stage nozzles. 
'^Defined at inlet to first-stage nozzles. 
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TABLE ri.:w. - NASA RECUPERATED OPEN-CYCLE-GAS- 
TURBINE CALCULATIONS TO SHOW EFFECTS OF 
differences in CONTRACTORS' 
performance FACTORS 


Performance factor 

NASA calculation 


A 

B 

Fuel 

Kerosene 

High-Btu gas 

Turbine-inlet temperature,'' °F 

2200 

2260 

Recuperator 

0.80 

0.83 

Effectiveness 

Pressure drop, AP/P 

O.03 

0.05 

NOX suppression 

None 

Water injection 

Stage work due to its cooling flow 

Yes 

No 


Defined :it inlet to first-stage nozzles. 
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NASA 

calcLila.tlon 

Performance 

factor 

changed 

Thermody- 

namic 

efficiency, 

nt 

Change in t ) ^ 
caused by 
change in 
performance 
factor, 

Specific 

output, 

kW/ (Ib/sec) 

Cliange in 

V^e 

caused by 
change in 
performance 
factor. 

a{Pn/“c> 

A 


0.381 


140.0 



Fuel 


-0,013 


' , +3. 4 


Tui’bine-inlet 


0 


+3.8 


temperature 






Recuperator 


i-O.OO'i 


-2.5 


Water injection 

.... : . 

-0.011 


“■5. 1 


No stage 


-0.011 


-4.9 


cooling work 


■ . . 




Total 


-0,0.31 


•4.9 

B 


0.350 


143.5 


















TABLE 5.3-6. - COMPARISON OF BASE-CASE RESULTS FOR 
recuperated OPEN-CYCLE GAS TURBINES 

t : . ■ 


Performance factor 

General Electric 
cas e 6 

Westingbouse 
case 1 

Ppwerplant efficiency 

0.34 

0.38 

Energy efficiencj' 

. .17 - 

.19 

Power output, MW/ unit . 

83 

99 

Number of units 

1 

4 

Capital cost, !?/kW 

167 

201 

Cost of electi’icity^ m.ills/kW“hr: 
Fuel 

25.8 

23.5 

Capital 

5.3 

fi.4 

Operation and maintenance 

2.1 

. 7 

Totals 

33.2 

30.6 

Estimated time of construction, yr 


2.5 


table 5.3-7. - BREAKDO\TO AND COMPARISON OF CAPITAL 


COSTS FOR RECUPERATED OPEN-CYCLE-GAS- 


TURBiKE BASE CASES 


Cost factor 

General Electric 

Westinghouse 


Cost, $/kWe 

Direct costs: 



Maj or componc'.'ts^ 

: 104.7 

109.6 

Balance of plant: 



Materials 

12.0 

22.3 

Labor 

l.G 

7.7 

Subtotal 

13.6 

30. 0 

Total 

118.3 

140.6 

Indirect costs: 



Indirect labor 

3,1 

9.1 

A-E services 

3.0 

11.3 

Contingency 

24. 7 

7.7 

Subtotal 

30.8 

28.0 

Total 

149.1 

108.6 

Escalation and interest costs 

16 

33 

Grand total 

167. 1 

201.6 


^Major-component costs shown here include the miLterial and laLor | 

costs for installation. il 


TABLE 6.3.8. - LEWS ESTIMATE OF RECUPERATED OPEN- 
CYCLE-GAS-TURBINE POWERPLANT USING A 
PRESSURIZED-FLUIDIZED-BED COMBUSTOR 


Powerplaiit efficiency . . . . . . . ... 0.32 

Energj' efficiency ....................... 0.32 

Power output, MW/unit . ................... GO 

Number of units . 4 

Capital cost, $/kWe . . . . . . . . . . . . . . . . . . . 490 

Cost of electricit>% mills/icW-hr: 

Fuel 9. 0 

Capital ..... . . . . . . . ■. . . . . ... ... ... 15. 6 I 

Operation and mairttenance 1.8 

26.3 

Estimated time of construction, jt: ... . . . 2. 5 
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Cost of etedrictty. mllls/kW-hr 


Recuperator 


Inlet duct 


Generator r~~t Compressor 


Turbine 


Rgure 5. 3-1. - Schematic diagram of recuperated gas turbine. 
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(a) General Electric data. (bl Westinghouse data 

Rgure 5. 3-2. - Overall resu lts - cost of electricity as function of energy efficiency. 











TherniDdynainic efficiency (based on higher heating value) Thermodynamic efficiency (based on higher heating value) 



Figure 5.3-3, - Cycle performance for contractors' recup- 
erated base cases (table 4.2-3). 



Figure 5. 3-4, - Comparison of NASA cycle calculations 
(table 5. 3- 3). 
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Thcrtnodynamlc efficiency (based on higher heating value) 



Figure 5.3-5. - Relative cycte performance effects of selected technology advancements (NASA calculafions). Firing temperature, 

226 oPR recuperator effectiveness, 0 . 85 ; recuperator pressure drop, 0^03. 
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Fiqure 5.3-6. - Effect of recuperator effectiveness on cost of open- 
cycle recuperator llncludlng associated ducUngl - coniparison of 
General Electric and Wesfinghouse results. Turbine-inlet tem- 
perature. 2200° R compressor pressure ratio. 1^ pressure loss 
ratio, l&PfPVecup- 3 percent. 
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5.4 CCRPTHEC-CYGLE GAS TUR BIKE/ STEAM TUEBIHE SYSTEMS 
by Harcld H. Valentine 

notential for baea-IOad systems chatacterized by high thermal eEficiency, 
roltlTo r^ireLnts, tlexibility^ of operation, modest siting 

requirements, and relatively short construction times, 

their implementation. 

5,4.1 S cop e ct A nalysis 

'fbe scope of each contractor's study of combined-cycle, gas/steam systems is 
^nmmLized in table 5.4-T b’/ fuel type. The parameters underlined in this 

tihle depict base cases or emphasis in the study. As can be 

tail. _ P 4 . 1 ,.:. f- nil tractors' efforts differed considerably. Westinghouse 

reoorted on a total of 84 parametric points, concentrating on 
1 . ‘ u* r- K ti T*Ti ■! n fi f «;fcHlat p fiipi from coaX« Two bass cases were esfabXished 
onTlllh ?o?eft si?a^and 'oL ’«ith nonreheat steam; and the parametric points 
Sor/Jlin as vatiaUons from the base cases. Figure 5.4-1 is a simplified 
cchanatic cf the Westinghouse reheat base case. Compressed air from 
-Vic-tnrhinG compressor is mixed with fuel in the gas-turhine combustor. The 
o" coSJustiSr gases expand through the gas turbine producing dri ^e 

i ;; romnreieor and the generator unit. The gas-turbine exhaust gases are 
I i-n f ho iin'^ired heat- recovery steam generator to produce steam* The 

rUultant steam at 2400 psi/ 1000“ F is 

1 , 4 -» 4 --? riTi a 1 oi orrric bower. Steam is reheated to TQuU r to errecx 

Fiirthor occncroies. To improve powecplant efficiency, Westinghouse 
incur- orated lew- pressure steam induction into the steam systera. The use of 

induction improves the thermodynamic fit between the gas-turbine hea - 
steam induction ^.^le h=at acceptance line. 3y using a 

e^irSst t^i: 

Lovel.s. Fcr the ba .'^e case the induction steam is produced at 30 psi in the 
deaeratoL feedwater heater loop. 

General Electric reported on a total of 53 points, concentrating on the use of 
low-ntu (Ln'i’U) uas and emphasizing nonreheat steam systems. The 
JaiamJJcic poiUs'were also run off two base cases: ^ one using air-cooled gas 
fuSlJ.es and cno incorporating water cooling. About 40 f 

.mui-T-i-r. uffnrf cavori'il water-cooled gas turbines. A simplified cycle 
para.ef.ric .t£ort „a.e cale i. presented in figure 5.4-2. In 

liantr thr gasifier is integrated ,1th the he,t-reso,er, 
T*^ifnr tho «^i"Gani turbine^ and thG gas fu rhino. ftbout 10 

steam compressed airflow from the gas turbines flows to the 

percent or tho total Steam from the low-pressure 

booster aJS troi Ihe gaJifieJ iater lacket feeds to the gasifier. 

'^ irsi°tLf turi after “id is reheated in an air/tuel-gns^heat 

.‘L^urv *i.refnfei thf “ste.‘:iro^ if^ff?L?:d 

£ro.”the high-pressnte turbine an . used to arise the booster compressor 


108 


BBIGINAIl PAGE IS 
OP POOE QUALITS 



turbine and supply the gasifier. Additional steam for the gasifier is raised 
in the lcw~ pressure section of the HRSG. 

General Electric used four gas-turbine generator units each with its own HRSG 
for most plants incorporating air-cooled gas turbines. The output of the four 
steam generators supplied a single steam turbogenerator unit. The design 
airflow irate for the G.E. air-cooled units was 570 Ib/seo. For plants using 
water-cooled, gas turbines, G.E. used three gas turbine units, each with a 
design airflow rate of 700 Ib/sec. 

For distillate fuel cases Westinghouse used two gas-turbine units, each with 
its own HRSG, fcr plants with nonreheat steam and four gas-turbine units for 
plants with reheat steam. The use of four gas turbines was selected by 
Hestinghouse for the LBTU plant design. The design airflow rate for all 
Westinghouse gas-turbiiie units was 970 Ib/sec, 

In addition to the major parameters indicated in table S.h-1, each contractor 
evaluated variations in gas-path delta P, pinch-point delta T, condenser 
pressure, feedwater temperature, heat rejection mode, plant size, and the 
effect of supplemental boiler firing. General Electric also evaluated the 
effects of using bituminous, subbituminous, and lignite coal in their IBTU and 
intermedia te-Btu (IBTU) plant concepts. 

5.4.2 Resu l ts of A nalysi s 

5.4. 2.1 Overall Comparison 

All contractors* results are summarized by fuel type in figures 5,4-3. and 
5.4-4. cost of electricity in miils/kW-hr is plotted against both overall 
efficiency and pcwerplant efficiency. Each contractor's ranges of results for 
gaseous fuels are summarized in figure 5.4-3; similar iuforraation for the 
Liquid- fueled cases is presented in figure 5.4-4. Considering the results in 
total, the cost of electricity (COE) ranges from 23 mills/kw-hr to 35 
mills/kW-hr while overall efficiency varies from 19 percent to 42 percent. 
Powerplant efficiencies ranged from 33 percent to 49 percent. 

VIestinghouse results show 2 milLs/kW—hr lower COE and 2 percentage points 
higher powerplant efficiency than S.S. for a high-Htu (HETli) air-cooled case 
at similar conditions. Because of different fuel conversion efficiency 
assumptions, the correspond ihg spread in overall efficiency increases to 9 
percentage points. For their LBTU case, Westinghouse reports an overall 

f»fficien.cy about 7 percentage points higher than G.E. and a COE that is 
comparable tc G.E.'s. 

The G.E, results for clean liquid fuel, assuming the COED process, are quite 
similar to the Westinghouse results for distillate from the 11-coal pnocess. 
For the semiclean solvent- refined— coal (SRC) cases, however, G.E. reports a 50 
percent improvement in overall efficiency and a COE reduction of about^ 5 
mills/kw-hr compared with the other liquid-fuel cases. As shown in section 

4.1 and below, these results for SRC follow from the higher fuel conversion 
efficiency and lower over- the- fence price specified for this fuel, 

5. 4. 2. 2 Discussion and Assessment 

Both contractor >' parametric results pertaining to variations in 

qas-tnrhine-lnlot temperature and/or compressor pressure ratio are presented 
in figure 5.4-5. Cost of electricity is plotted against compressor pressure 
ratio for values of turbine-inlot temperature. Both contrac tors* results show 
that gas-turbine-inlet tempera ture and/or pressure ratio selection exerted a 
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..tronapr infLuence on COE than did fsteara pressure selection. In addition, 
bS ront.;-ict“ Hound tho t louust COS ».o »W^»inoa .Uh oo.pr«,oc Pco^juro 
ratios of to 10 at the lower firing temperatures (1800» to 2200 
to 14* at the higher firing temperature (2600“ to 3000° F) . hhen burning 
than LBTH gas, which because of the large amount of water vapor in the product 
fuel inheLnUy controls NOX by limiting the flame tsmEepture, G.K, used 
steam iniection^as necessary to limit UOX production. Hestinghouse evaluated 
pJoWem and determined that a two-stage dry 
required to control NOX. No performance penalty associated with NOX control 
has been included by Hestinghouse for gas-turbine systems. 

AS shown in figure 5. 4-5 (a) , Hestinghouse found that the reheat steam cycle 
IL not i^nciiSal ^ t fhL low gas-turbine firing temperatures and only 
marainallv economical at the higher firing temperatures evaluated. In 
geSral, ‘the liraitod results from G.E. pertaining to reneat cycles support 

this viewpoint. 

Hith respect to supplemental boiler firing, however, the contractors’ results 
differ! Hestinghouse results for distillate fuel showed no benefit in 
sJpS;enfar boiler firing for either nonreheat or reheat steam 
SS Electric results indicated that, for the 

2200° F, supplemental boiler firing to support an 13*^° the 

rphpat steam svstem resulted in a COE reduction of 0.7 mill/kW hr from the 

base- case value of 25.5 mills/kVT-hr. This apparent 

bv a reconsideration of the cycles. Hestinghouse incorporated steam induction 
in tC Sar system of their plants. The use of induction enhances the 

utilization of the stack gas energy and hence the overall powerplant 

efficiency while increasing plant output. The use of supplemental boiler 
firing inLeases output power through increased fuel consumption, but only at 
fhe efficienev level of the steam system, Hestinghouse found, no benefit in 
’'fSLt General Elekric. howe,«, higfc-pr.saare 

eatiactlon slea. to po.oc tlio booster oo.pcessot 

uasifier. Additional low-pressure steam was generated in the low pressure 
Ivnm of the HRSG and supplied to the gasifier. Going to supplemental 
of th! boiler ’-o attain an 1R0O psi/1000° F reheat system gave them two 
benefits. First, it allowed the elimination of the low-pressure drum 
HSG which reduced capital costs. Second, it permitted increased plant 
output. ^ As a result,^ overall efficiency dropped (1 ^percentage point) . 
HowLer, the cdEifil cost reduction and increased specific power were large 
enough to reduce COK in spite of the reduced efficiency. 

The Hestinghouse results demonstrating the 

temneratiire cn COE and overall efficiency are presented in figure 5.4 6. The 
I^eSts sL! that, with air-cooled gas turbines, progressive increases in 
turbiL-inlet temperature to 2600° P (highest temperature considered) red^^^ 

COE and improve efficiency. Also presented on this figure are the results 

obtained by Hestinghouse using ceramic gas-turbine „5%he COF bv 

renlacinq the air-cooled stator vanes with ceramic vanes reduced the COE by 
0 5 fflill/kW-hr and increased overall efficiency by about 1 percentage poin . 
Adding feramic turbLo blades had no impact on COE but 

efficLncy somewhat. The G.^. results pertaining to the influence of 
oa;-!i!niIe firing temperature on COE and overall efficiency are presented in 
?! 4 !t: is'wuL^jStiuuhouse, the G.E. results show firing temperatures 

to^260C° F (highest tempo ra<- u re considered) to be both cost 
energy efficient for combined gas/stoam plants using rinSear 

For Ltet-cooled gas turbines, tiring temperatures to at 
cost effective. Although the overall otticiency of the 3C00° F water 
clfe is slightly less than that at 2800° F, the higher: specific power of the 
plant reduced capital charges and hence lowered COE. 
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The R.E. results presented here also indicate that at 

temperature hiaher performance was obtained with air-ccoled turbines tha 
“tS =oorii>,^ B.L tho«,h «atar cooling .inilLcoc or eli.inatos co.pr.ssor 
lilooa, th» nLt loss to the aator erceerls the savings associatea erth co^ 
air Water is such an effective coolant that, when used, it is difficult to 
o^eUnt ovorcoolinq of the surfaces involved, There^re,^ energy^ i^^ 
from the gas stream at high temperature, where thermodynamic 

hioh It is EdhsequeiLtly returned to the system through the feedwater 
heat*ers, but at a greatly reduced temperature and hence with a. 
therinodYnamic utility. However, the low material temperatures associated wi_ 
water-cLled gas turbines offer an opportunity for . 

minimally processed fuels or low-cost materials. Viewed from that standpoint, 
all observation that may be drawn from the results is that water cooling offer 
the potential of low-cost fuels for gas turbines at little or no performance 

penalty. 



to greater than that reported ' by Westinghouse _ for 2200 

this is not so is explained bv the following, wbi^^^ 


NASA Lewis calculations. In an air-cooled turbine, the vane coolant mixing 
with the gas stream reduces the blade coolant requirements. Removing the 
stator vane coolant by incorporating ceramics thereforej-ncre^^^^ blade 

GO 

removing 
and hence 


^oiiU buke^ At 2200° F, where the total cooling requirements are_ modest, 
'moiin\ thf ;ane coolant Ls little or no impact on the blade requirement, 
aiid henL a positive gain is realized. However, 
requirements are large, and removing the vane coolant flow has a marked effect 
on ?hrhlade reguireL^ts, Hence, little if any overall gain is realized. 

We now turn our attention to thed.E. results for ceramic vanes in a 

L'ter-cooled turbine (fig. 5.U-7). For a 2800o and does nJt 

which the stationary-component coolant flows in a clo~ed circuit - ^ 

enter the gas stream) , replacing all the water-cpoled stationary components 
with cerLics resulted in significant COE and overall efriciency improvements. 
Since i^ai all- water-cooled gas turbine the cooled surfaces have a cooling 
Pf?ect 0^ the tat Stream, it is reasonable to expect that incorporating 
ceramic stator vanes at high firing temperatures would have results similar to 
?h"“ fl?K ai.?=ool?a wrbin,^ .t hiph firl.5 

Hnusver this is not so, because, as was discussed previously, it i^ di£ticuij_ 
lo Zler coS :i?tturov;rcooli;;g. in the water-cooled 

surfaces ran anout 900“ F. The increased blade cooling burden imposed by 
Ittottotafitg ceramic stationary parts merely results in of 

the blades for water cooling. Overall, both contractors results for ceramics 
indicate that high firing temperatures (2600“ F , 

cost effectiveness and that both the stator vanes and turbine blad 
ceramic or the blades should be water cooled, 

Hestinghouse in their Phase 1 

nerformance of incorporating multiple steam inductions in a 

powerplant efficiency was about 2 percentage points higher with a_ single ste^ro 
inducLon than without it. Westinghouse found the most effective point of 


required for 
es should be 
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induction to be at thie reheat point. The potential problem of systeTn control 
associated with the use of steam induction wajS beyond the scope of Phase 1. 

5.U.2.2.1 S pecific comparisons by fuel type . - From the data presented and 
the accompanyihcj discussiohy it is evident that in general the. con tractors* 
results for combined gas/steam systems are in good agreement, rh this section 
a somewhat more specific comparison of a few selected cases is made. The 
comparisons examine COE, cos distribution, powerplant and overall 
coal-pile^to-bus-bar efficiencies, and plant construction times. 

Because of the differences in emphasis and scope of the two contractors* 
studies, there are no directly comparable one-on-one cases. Therefore, the 
approach taken in making the following comparisons has been to present the 
most comparable cases fpr each common fuel type considered. The contractors* 
results for these cases are presented in tahle ®i. 4-2, and ^the associated 
major-cycle conditions are enumerated in table 5.4-3. Only air-cooled cases 
are considered here. Hestinqhouse did not have any water-cooled cases, and 
the ceramic pcints were discussed in the preceding section. Notice that in 
every case, the cycle conditions reflect the Gontractors’ base-case 
conditions. 

We begin the comparison with a general observation: Both contractors' results 
show that using LBTtl gas produced in a gasifier integrated into the powerplant 
results in the lowest COE and the highest overall efficiency for 
combined-cycle systems at the same firing temperatures. also, both 

contractors* results show that using HBTU gas from coal resulted in the 
highest COE for combined-cycle systems. 

Efficiencies are presented near the top of table 5.4-2, For the systems with 
integrated LBTtl gasifiers, powerplant efficiency and overall efficiency are 
identical. The Hestinghouse results using EBTO gas rsflect an efficiency 
level 7 percentage points higher than G.E. *s. The main reason for this 

difference is the gasifier cleanup method chosen. The G.E. results ate based 

on a near-term, fixed-bed gasifier and cold-gas cleanup. 

The gasifier concept selected by G.E. reguired large guantities of steam — 

roughly 1.1 pounds per pound of coal. In the G.S. plant concept about 55 
percent of this steam was obtained by extraction from the high-pressure 
turbine of the steam system. |0f the remaining steam required, about 
two-thirds was genoratod in the low-pressure drum of the HRSG and about 
one-third in the gasifier cooling jacket.) Additional steam was extracted from 
+he high-pressure turbine to drive the gasifier air booster compressor. 
Extracting 30 percent of the total steam flow from the high-pressure turbine 
imposed a significant penalty on the steam bottoming cycle efficiency and 
hence on the powerplant efficiency. 

The Westinghouse concept assumed an advanced-desiqn> fluidized- bod gasifier 
incorporating hot-gas cleanup. The steam reguired by the Westinghouse 
selected gasifier was about 0.45 pound per pound of coal, and this steam was 
obtained by extraction from the inter mediate- pressure turbine of the steam 
bottoming cycle. As a result, the penalty on the steam system efficiency was 
much less for Westinghouse than for G.E. In addition, as pointed put earlier, 
Westinghouse incerporated induction into the steam cycle. Additional steam - 
amounting to about. 40 percent of the flow into the low-pressure turbine - was 
generated in the low-pressure drum of the HRSG and inducted into the 
low-pressure turbine at 30 psi. This use of induction increased powerplant 
efficiency by about 2 percentage points above that obtained with the same 
steam conditions and no induction.. 
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The bulk of the difference in power.-*lant efficiency for the HBT[j cases is, 
again, associated with the use of s eain induction by Westingb ouse. This 
notwithstanding, there is a large difference in overall efficiency tor these 
two cases. This is directly attributable to a coal- tc-gas energy conversion 
efficiency of 67 percent used by Hestinghoiise as compared with the 50 percent 
used by G. E. Since this fuel was over the fence at the NASA specified price 
for both contractors, their differing fuel conversion efficiency assumptions 
have no impact on COE. 

The Westinghouse liquid fuel considered was distillate from the H-coal 
process, with a fuel conversion efficiency of 50 percent. For its 
clean- liquid- fuel case, G. E. chose COED with a fuel conversion efficiency of 
56 percent. Again, since these were over-the-fence fuels with prespecified 
prices, the different fuel conversion efficiencies had no separate impact on 
COE. Although there are some small differences in the gas-turbine cycles for 
these two cases, the higher powerplant efficiency reported by Kestinghouse is 
mainly due to a better utilization of gas-turbine exhaust heat. General 
Electric used a single- pressure steam system and a boiler pinch-point delta T 
of 30“ P, Their stack-gas temperature was about 400'* F. Hestinghouse used a 
two-pressure steam system and the same pinch-point delta T. Their stack-gas 
temperature was about 290“ F. The Hestinghouse approach offers higher 
efficiency with greater complexity. Westinghouse used the additional energy 
extracted from the exhaust gas to raise more steam in the deaerator - 
feedwater heater. This additional 30-psi steam was inducted into the 
low-pressure steam turbine to prod uce additional power. 

Turning now to the three major elements affecting the cost of electricity, a 
noticeable difference appears in the operaticns-and-maintenance (0 and M) 
account. The Kestinghouse 0 and M charges appear consistently lower than 
those of G. E. A review of the Westinghouse draft report on Phase 1 leads to 
the conclusion that only operations costs were reported. Evidently, no 
allowance for maintenance was factored into the Kestinghouse 0 and W account 
for combined-cycle, gas/steam plants. 

The plant capital costs are directly related to the major component costs, 
balance-of-plant costs, and site labor charges. In addition to these direct 
costs, indirect costs, contingency allowance, and interest and escalation 
charges over the time cf construction are added to arrive at total capital 
cost. The approach used and the factors established by each contractor in 
determining direct and indirect costs, contingency, etc,, are discussed in 
sections 4.1 and 5. 1 of this report and will not be repeated here. Suffice it 
to say that a review of the cost information supplied by the contractors leads 
to the following observation: The major component costs estimates of the two 
contractors generally are within TO percent; however, total costs differ by as 
much as 25 percent. 

General Electric assumed a 3-year construction time for all plants with 
air-cooled gas turbines except those fired with IBTU or HBTW gas. The 
construction time was shortened to 2 years for these plants. Westinghouse 
assumed a 3-year construction period for the base-case distillate-fueled plant 
and 4 years for the H3TU and IBTtJ plants. For other liquid-fueled plants, 
Westinghouse varied construction time by the ratio of the plant size to the 
basG-cass plant size, with the ratio raised to the 0.175 power. General 
Electric assumed a 4-year construction time for plants incorporating 
water-cooled gas turbines, tor all fuel types. 

For equal times of construction for plants with common fuels, the capital 
costs for the cases presented in table 5.4-? agree within 10 percent for the 
WBTU and LBTU plants and within 20 percent for the liquid-fueled plants. 
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Consicteriny the preliuiinany nature of the Phase 1 effoxt and the advanced 
nature of the plants being studied, these differences are considered small. 

5. t. 2. 2.2 semic lean fu els . - General Blectric included the use of 
solvent- refined coal in its phase 1 parametric analysis* The semiclean SEC 
had an assumed fuel conversion efficiency of 78 percent as compared with the 
typical SO to 55 percent for distillate fuel from coal* The semiclean fuel 
also has a price advantage over the distillate fuels - Si.BO/ttBtu for SRC 
versus S2, 60/«Btu for the distillate. However, the SRC has a high, fuel-bound 
nitrogen level (2 percent) , and G.E. indicates that EGAS— specif ied emission 
levels could not be met. 

To properly assess SRC or any other semiclean fuel, a data base of information 
is needed such tyit economic trade-offs among fuel conditioning, combustion 
advancements, turbine materials, coatings, cooling techniques, and stack-gas 
cleaning can be made. 

5.U.2.2.3 P ublic and advocate comm ents. - United Technologies Research Center 
expressed ccncern about the ability to meet either NOX , or particulate . 
emissions with the LETT! hot-gas cleanup proposed by Hestinghouse. 
westinghouse Gas Turbine Division expressed similar concerns and was also 
concarned about the deposition of solidified ash on the gas-turbine blades and 
the resultant effects on turbine performance and life. In Phase 2, 
Westinghouse will examine the hot-gas cleanup approach in greater detail. 

5 . 4 . .3 Goncl udinq Remar ks 

The results of the EC.AS Pha.se 1 studies of both contractors indicate that 
using coal— derived fuels in base- load, combined- cycle gas/steam powerplauts 
would result in low cost of electricity (20 to 28 mills/kH-hr) and good 
overall energy efficiency (2b to 42 percent). In addition, such plants would 
require moderate capital investments and entail comparatively short lead 
times. Specific significant results of the studies ^are as follows: {!) 

Burning LETO gas produced in plant-integrated gasifiers resulted in the 
highest overall energy efficiency and lowest cost of electricitY. (2) 
Gas-turbine firing temperatures to 2600“ F with air cooling and to 3000“ F 
with water cooling appear to be cost effective. (3) COE minimized at a steam 
pressure of about 1400 psi for nonreheat steam systems and about 1800 psi for 
reheat steam systems. (4) Reheat steam systems were only cost effective at 
firing tempera tuces of 2450“ F or above. (5) The use of ceramic gas-turbxne 
components offers greater benefits at higher firing temperatures. . 
ScEiclean liquid fuels appear to be potentially attractive from the multiple 
standpoints of low cost of electricity, relatively high overall efficiency, 
and low capital cost; however, additional effort is required to establish 
whether acceptable emissions levels can be met with such fuels. 

Projection to high firing temperatures (2600“ to 3000“ F) is a very 
substantial extension of the present state of the art. 
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TABLE 5.4-1. - TASK I RANGE OF PARAMETERS FOR COMBINED GAS-STEAM SYSTEMS 


(a) Fuel, low-Btu gas from opal tby Fuel. Uquld from coal 


Major parameter 

General Electric 

Westlngheuse 


Major parameter 

General Electric 

WostinghoiiSB 

Gas turbine: 





Gas tiirbine: 




Airflow rate, Ib/sec 

570 

700 

970 


Alrflotv rate, Ib/see 

570 

700 , 

970 

CooUng mode 

Air 

Water 

Air 


Liquid fuel 

SRC, COED 

SRO, COED 

DistUlate 

Inlet temperature, “f 


2600, 2600, 

2200 


Cooling made 

Air 

Water 

Air 


2400, 2600 

3000 



Inlet tetnperature, °F 

2200 

2800 

1800, 2000, 2200. 

Compressor pressure ratio 

8, 1^, 16, 20 

12, 16, 20 

12 





2400, 2600 

First-raw vane matoriol 

Metal, ceramic 

Metal. ccTBmiC: 

Metal . 


Compressor pressure raflo 

12 

16- 

8. 12. 10. 20 

First'-row blade material 

Metal 

Metal 

Metal 


First-row vane material 

; Melal 

Metal 

Metal. cBramte 






Flrat-WW blade material 

Metal 

. Motel 

Metal, ceramic 

steam bottoming cycle: 









Tllrattlo pressure, psig 





' Steam bottoming eycle: ■ 




Nonrobeat 

1000. 1250, 

1450. 1800 




' Throttle pressure, psig 









Nonrehcat 

: 1250 

1450 

1250. 1450 

Reheat 


2400 

2400 


Reheat 


■ ' — - 

1460, 1800, 









2400 

Tlirottle temperature, °F 




' ' 

Tlirottle temperature, °F 




Nonrehcat 


D50, 1000 



Nonreheat 

950- . 

1000 

950. ,1000 


IQOD 




Reheat 



1000 

Reheat 

950 

1000 

1000 


Induction pressure, psig 




Induction pressure, psig 





Nonrehcat 

■ — •. 


--,30 

Nonrehcat . 

— 



— - 


Reheat 

■' . ■■ 


— , 30, 150, 500 

Reheat 




30 

r . 





( 0 ) Fuel, Iii^-Btu gas from coal {d) Fuel, IntormedlaterBta gtts from 


Major parameter 

General Electric 

' 

Westlnghouse 


Major parameter 

: Genoihl Electric 

Gas turbine: 





Gas turbine: 


Airflow rate, Ib/sec 

570 

700 

970 


Airflow rate, Ib/seo 

570 

Cooling mode 

Air 

Water 

Air 


Cooling mode 

Air 

Inlet temperature, 

2200 

2800 

2200 


Inlet tomporature, °F 

2200 

Compressor pressure ratio 

12 

10 

12 


Compressor pressure ratio 

12 

First-row vane;matorial 

Metal 

Metal 

Metal 


First-row vanp material 

Metal 

First-row blado matoriol 

Mctel 

Metal 

Metal 


First- row blado material 

Metal 

Steam bottoming cycle: 





Steam bottoming pyclB (nontohoal): 


Tlirottle pressure, psig 





Ilvrottle piossurp, psig 

1260 

Nonrehcat 

1250 

1450 

-- -- . ■ 


Tlirottle teniporature, °F 

950 

Reheat. 

. 

— 

2400 



Throttle temperuturo, °F 






Nonrehcat 

950 

1000 

■ 



Reheat 

— 

. 

1000 



Induction pressure, psig 


' 




Nonrehcat 

“ 





Reheat 

— 

. . --W 

30 



















TABLE 5,4-2. - COMPARISON OF CONTRACTORS’ RESULTS BY FUEL TYRE FOR AIR- COOLED 


COMBINED gas-steam SYSTEMS 


Parameter 

Fuel ■ 

Low-Btu gas ■ 

Liquid 

High-Btu gas 

COED 

Distillate 

... 

General 
Electric 
(case 1) 

AVesting- 
libuse^ 
(case 1) 

General 
Electric 
(case 10) 

Westing- 
house 
(case 2) 

General 
Electric 
(case 8) 

Westing- 
house 
(case 84) 

Efficiency, percent: v 



Mi 




Powerplant 

35.6 


Hial 

: 45. 9;-l;.:- 


44.2 .. 

Overall 

35.6 



23.1 


29.7 

Plant capital cost, $/kWe 

450 

495 

■ 276' ■; 

233 

225 

245 

Construction time, yr ' 

> ‘ 3’:; . 

4 : 

3 

3 

, 2 - 


Cost of eiectricity,^ mills/kW-h.r: 







Capital 

14. 2 

15.7 

8.7 : 

■ 7.4 

HI 

7.7 

Fuel 

8.2 

6.8 

19.4 

19.3 


20.1 

Operation and naaintenance 

3.1 

1.7 

2.0 

0.6 



Total 

25.5 

24.2 ^ 

30.2 

27.3 

30.4 



^Includes baseline capacity factor, fixed-charge rate, fuel costs, etc. 


TABLE 5.4-3. - MAJOR CYCLE CONDITIONS ASSOCIATED WITH CASES 
PRESENTED IN TABLE 5.4-2 


Parameter 



Fuel 




Low-Btu gas 

Liquid 

High-Btu gas 




COED 

Distillate 




General 
Electric 
(case 1) 

Westing- 
house 
(case 1) 

General 
Electric 
(case 10) 

Westing- 
house 
(case 2) 

General 
Electric 
(case 3) 

Westing- 
house 
(case 84) 

Gas turbine: 

Inlet temperature, °F 

2200 

■ 

2200 

2200 

2200 

m 

Compressor pressure ratio 

12 


12 

12 

12 

mm 

Steam bottoming cycle: 






2400 

Throttle pressure, psig 

1250 

2400 

1250 

1250 

1250 

Throttle temperature, °F 

950 

1000 

950 

950 

950 

1000 

Reheat temperature, °F 


1000 




1000 
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Figure 5.4-Z. - Schematic of combined gas-steam system for General Electric air-cooled (nonreheatl base case. Fuel. Im-Btu gas. 












35 [— 


^ 30h 




Zfli 


.10 


General 

Eleclrlc, 

HBTU-, 


WestinghousB, HBTU- 


General 

Electric, 

tBTU 
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Figure 5.4-3. - Overall range ot ontractors' results for combined gas-sleam systems - gaseous fuels from coal. 
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Compressor pressure ratio 

la) Westinghousei disli I late f uel. (h) Genera) Electric, LBTU fuel. 

Figure 5. 4-5. - Contractors' parametric results related to gas-turbine parameters - 
combined gas -steam systems. 




Figure 5.4-6. - Westinghouse results 
demonstrating effect of turbine-inlet 
temperature on cost of electricity and 
overall efficiency. Combined gas- 
steam systems; distillate fuel; air- 
cooled, reheat-baseTcase pressure 
ratio and steam conditions. 


Flgure5.4-7. - General Electric results 
addressing effects of turbine-inlet 
temperature, coaling approach, and 
ceramics utilization on cost of elec- 
tricity and overall efficiency. Com- 
bined gasrsteara systems; LBTU fuel; 
base-case steam cortdillohs. 
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5.5 CLOSED-CYCLE GAS TURBINES 

by BayiDona K. Barns, Donald C. Guenterk, and Donald G. Sereinand 

Closed-cycle gas turbines have a number of potential advantages that result 
from its being a closed, thermodynamic cycle. The working- gas composition and 
pressure level are independent design parameters that can be chosen for the 
benefit of the turbomachin ery and heat exchangers. Operation of the system at 
high pressure levels would allow higher power density systems than attainable 
with open-cycle gas turbines. Also a working gas with a high thermal 

conductivity and hence a high heat transfer coefficient can be used that, 
together with a higher pressure level, could result in smaller heat exchangers 
than for a recuperated open-cycle gas turbine. Since the working gas is 
independent of the combustion products, clean and expensive fuels are not 
reguired. Coal can be burned directly in the closed-cycle gas turbine furnace 
Without the penalty of a fuel conversion efficiency. 

These potential advantages must be weighed against some potential 
disadvantages that also follow from its being a closed-cycle system. Because 
it is a closed system, the heat is input to the working gas through a 
furnace/heat exchanger. This imposes an upper limit on system maximum 

operating temperature and introduces a significant cost item. The furnace 
loop of a closed system also introduces a loss, consisting predominantly of 

sensible and latent heat in the stack gases. This results in 10 to 15 percent 

of the fuel heating value not being transterred to the primary power system. 
In contrast, open-cycle systems have essentially all of the fuel heating value 
available to the primary power system. 

The closed-cycle gas turbine system was included in EGAS to examine the 
balance between these potential advantages and disadvantages, closed-cycle 
gas turbines also have several positive attributes that were not displayed in 
EGAS Phase 1. The heat rejection from the cycle (when a bottoming cycle is 
not used) occurs over a range of temperatures from near ambient to several 
hundred diegrees. Thus, the system is more compatible with dry cooling towers 
than are Pankine systems, where most of the heat is rejected at a constant 
near-ambient temperature. The closed-cycle gas turbine system may therefore 
be more competitive in applications where dry cooling towers must be used 
because of a limitation in available cooling water. The Middletown site 

specified as a study ground rule does not, however, fit this situation. Also 
since the heat rejection temperatures range to h00° or 500° F, the system can 
produce hot pressurized water or steam for use in industrial processes or for 
ir.dustrial/contmercia 1 heating applications, without penalizing tbo power 
system performance. Use of waste heat for other than the production of 
electricity in bottoming cycles was, however, beyond the scope of EGAS. Also 
beyond the scope of EGAS is the consideration of power system performance at 
power levels other than the design point. The power level of a closed— cycie 
gas turbine can be controlled by changing system inventory and hence pressure 
level witiiout changing system temperatures or volume flow rate. As a result, 
component and system performance at design-point power level can be maintained 
oyer a wide range of power leveJ.s, 

5.5.1 Scop e of Analysis 

Tables 5.5-1 and 5.5-2 summarize all parametric cases considered by G.E. and 
Restlnghouse. The major input parameters and the number of cases are 
categorized by furnace and fuel type used. The unbottomed configurations are 
summarized in table 5^5-1, and those with organic or steam bottoming cycles 
are summarized in table 5.5-2. The parameters of the base cases used fay the 
contractors are listed in table 5. 5-3. Both cen tractors used helium as the 
closed-cycle gas turbine working fluid for all cases. 
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The closed-cycle gas turbine system is one of those wherein the contractors' 
areas of emphasis differed considerably. The main differences involved the 
furnace and fuel type and the integration of bottoming cycles. General 
Flectric emphasized atmospheric, direct coal firing. Of a total of ^ 46 
parametric cases, 35 used an atmospheric— fluidized— bed (AFB) coal-fired 
furnace, one used a pressurized-fluidized-bed (PFB) coal-fired furnace, and 10 
used a clean-fuel pressurized furnace (PF) . Westinghouse emphasized 
pressurized combustion loops and clean over-the-fence fuels. Of a total of 
100 parametric cases, 88 used a pressurized furnace and clean fuel (distillate 
in 84 cases). Westinghouse studied 11 cases with pressurized-fluidized-bed 
furnaces and direct coal firing. They also did one case with an atmospheric 
furnace that used distillate fuel. 

Roth contractors varied such helium-loop parameters as pressure ratio, 
turbine-inlet temperature, recuperator effectiveness, and pressure losses. 
Many of Westinghouse ' s parametric variations involved changes in the 
furnace-pressurizing gas turbine parameters (which they referred to as the 
”pump-up cycle"). These included turbine-inlet temperature, pressure ratio, 
recuperator effectiveness, and pressure losses. General Electric did few 
parametric variations of these furnace-pressurizing gas turbine parameters but 
focused their attention on the helium cycle. 

General Electric considered eight cases with an organic bottoming cycle (using 
R-22 and P lucrinol-85) . a recuperated helium cycle was used in all cases. 
They also did five cases with a steam bottoming cycle and used a helium 
recuperator in all but one case. Westinghouse considered 45 parametric cases 
with a steam bottoming cycle, six with an organic cycle ta-12 and 
methylaraine) , and one with a sulfur dioxide bottoming cycle. In contrast with 
G.E. they configured the system so that the bottoming cycle received heat 
input from the furnace cycle as well as from the helium cycle. Also in 
contrast with G.E. none of their bottomed cases included a recuperator in the 
helium cycle. As a rssalt the temperature levels of their bottoming cycles 
were generally higher than G.E. ’s. Organic bottoming cycles are discussed in 
section 5, 12. 

A simplified schematic of the closed-cycle gas turbine is given in figure 
5.5-1. Each contractor considered a number of cases that included one stage 
of compressor intercoolinq, which is not shown in the figure. When a 
bottoming cycle was used, the G, s, configuration included a 
helium-to-bottoming-cycle fluid boiler between the recuperator and the 
preccoler. In the Westinghouse configurations the recuperator was not used, 
and the holium at turbine exhaust vias input to the bottoming-cycle fluid 
boiler. In most Westinghouse cases the precooler was also eliminated so that 
the helium exiting the b cttoming-c ycle fluid boiler was input directly to the 
compressor. 

Figures 5.5-2 and 5.5-3 are simplified schematics of an atmospheric and 
pressurized furnace loop. The atmospheric-furnace exit gases are reduced to a 
desirably low stack-gas temperature by transferring the heat to the incoming 
air. The ait preheater is labeled "recuperator" in figure 5.5-2. The 
pressurized furnace exit gases are expanded in a turbine that drives the air 
compressor and generator. The pressurizing turbo com pressor produces 
additional electrical power and is essentially an open-cycle gas turbine 
thermodynamically in parallel with the closed cycle. In about half of the 
parametric cases for the unbottoraed configuration, Westinghouse included the 
recuperator shown in figure 5.5-3, When a hottoming cycle was used, 
Westinghouse did not include this recuperator but instead transferred the heat 
of the turbine exhaust to the bottoming cycle. General Electric used a 
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combust.ion- Iccp recuperator only in their ’’FB cane. 

In those cases that include an integrated low-Btu (LBTH) gasifier the 
contractors’ approaches differed considerably , Hestinghouse used an 1100® ? 
pressurizing-gas-tiirbine inlet tcnipBrature and no combustion-loop recuperator. 
General Electric used an 1800“ F pressurizing-gas- turbine inlet temperature 
and used the turbine exhaust to raise steam. Part of the steam was used as 
gasifier process steam, and the remainder was used to generate electrical 
power in a steam turbine. The furnace Loop in ^-ho G.E. configuration was 
actually a gas turbine/steam turbine combined cycle with integrated gasifier; 
it produced more than half of the total plant power output. 

5.5.2 R esul ts of An aly ses 

5.5.2. 1 overall Comparison 

The ranges cf COE and overall energy efficiency results for all parametric 
cases of both contractors are shown in figure 5. 5-h. The most attractive 
cases in both contractors’ results are those that use coal directly (AFB, PFB, 
or integrated LBTU gasifier) . The clean, over-the-f ence-fuel-f ired cases have 
much lower overall energy efficiency because of the fuel conversion efficiency 
from coal, and they have higher COE because of the higher price of the clean 
fuels. The fuel conversion efficiencies and fuel prices used are shown in 
table t|.1-2. General Electric assumed a fuel conversion efficiency of P.50 
for high-Btu (HBTU) gas, and Hestinghouse assumed 0.67. This accounts for the 
difference in efficiency in the G.E. and Hestinghouse results in figure 5.5-4, 
Hestinghouse assumed a 0.50 fuel conversion efficiency for distillate fuel. 
As shown in later tables, the COE of the direct.-coal-f ired cases is dominated 
by plant capital costs, but the COE of the clean-f uel-tired cases is dominated 
by the fuel cost. 

One of the most attractive ca.;es in the G.E. results is their case 20, which 
uses an AFB furnace, a helium turbine-inlet temperature of 1500“ F, a 
compressor ratio of 4 with one stage of intercooling, and a recuperator 
effectiveness of 0.85. This case has an overall energy efficiency of 31.6 
percent and a COE of 33.7 mills/kW-hr. Their PFB case has a slightly higher 
overall energy efficiency of 31.8 percent and a COE of 35.9 mills/kH-hc, As 
seen in figure 5.5-4 the G.E. -PFB point falls into the range of results 

obtained by Hestinghouse for the system with a PFB furnace. The Hestinghouse 
PFB case with highest efficiency is case R21, which has an overall energy 
efficiency of 34.6 percent and a COE of 35.4 mills/kW-hc. This case has a 
1500“ F faelium-turbine-inle t temperature, a pressure ratio of 2.5, and a 
recuperator effectiveness of 0.90. The PFB furnace is at 5 atmospheres; the 
pressurizing gas turbine has a 1700° F inlet temperature; and a recuperator 
with 0.90 effectiveness is included in the furnace cycle. Hestinghouse case 
H27 .s the PFB case with lowest COE. Its helium cycle is the same as case 
B21. However, its PFB furnace is at 10 atmospheres, has a 

pressurizing- turbine-inlet temperature of 1100° F, and has no recuperator. 
The COE of case H27 is 31.3 mills/kH-hr with an overall energy efficiency of 
32.9 percent. 

The configurations with highest efficiency in both contractors’ cases are 
those with bottoming cycles. In the G.E. results, the recuperated closed 
cycles with organic bottoming have higher efficiency and about the same range 
of COE as the recuperated closed cycles with steam bottoming. Also the 

resul?-R indicate that the addition of a bottoming cycle results in about the 

same range or slightly higher COE (see section 5.12). However, the 
Hestinghouse results show the steam-bottomed and organic- bottomed cases with 
similar ranges of efficiency as well as COE. Also the Hestinghouse bottomed 
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cares have lower COE than tho recuperated, unbottomed configurations. This 
cli'tterence in the contractors* results follows from a difference in the poser 
configurations they assumed. As stated previously, the ffestinghouse 
cases with bottoming cycles use tinrecuperated closed gas turbine cycles and 
the heat input to the bottoming cycle is from both the helium cycle and the 

pressurized furnace cycle. Since neither a helium-cycle nor a furnace-cycle 

Lcuperator is used, the gas temperatures input to the bottoming -cycle lui 
boiler are higher than for the G.E. configurations. As a result, the 
bottoming-cycle temperatures and pressures (particularly for the steam cycles) 
arc highL lhan thoL employed by G. E. Consequently, most of the power output 
L^the M^tinghouse casL is from the bottoming cycle and the pressurized 
furnace cycle. For the G.E. configurations, most of the power output is from 
thf' helium cycle (about 80 percent). 

ciut with highest efficiency is case 41, which has an R-22 organic 

cycle and a 0.90 effectiveness recuperator in the helium 

the highest recuperator effectiveness considered for the 
cycle cases, Tlie CO*-' for this case is 42.1 mills/kH-hr. The lowest 
ith an organic bottomer among the G.E, results is case 40 with 37.8 
r and 3S. 3 percent overall energy efficiency. This case includes a 
SS bottoming cycle and a 0.60 effectiveness recuperator in the 
cle. (See section 'S, 12 for a discussion of organic bottoming 
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The Westinghouse case with highest 
18.2 percent and a COE of 31.5 mi 
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This last Hestingheuse case discussed is representative of many of the 
clean- fuel- fired cases. The use of a clean fuel allm<ed the consxderatron of 
higher temueratures in the furnace pressurizing cycle. . increased the 

powerplant' efficiency to values above 40 percent (considerably higher than 
obtained in any of the coal- fired cases considered). However, the fuel 
conversion efficiency and price of the clean fuels results in much lower 
overall energy effi^encies and higher COE's than obtained with direct coal 

firing. 


5. 5. 2. 2 Discussion and Assessment 

5. 5. 2. 2.1 cost com jja risen s. -Table 5.5-4 presents cost information from 
s;iSH?;;rcaiei“studied by the contractors. Four furnace types are represented 
for G.E., including an AFB (case 1), PFB (case 8), PF integrated LBT1I 

gasifier (case 4), and a PF burning '*over-the-fence" flBTU gas (case 7). All 
cases are recuperated without bottoming cycles. costs of closed-cycle gas 
turbines with bottoming cycles ace discussed in section 5.12. Total capital 
costs range from S814/kWe tor the AFB (case 1) to $455/kBe 
KBTU fuel (case 7). The same helium cycle was \i< . ^ i 

gross power output, of 300 KWp. Specific cost of the major helium- loop 
components in terms of dollars per kwe of gross helium-loop 
constant at above S107/kWe. For the cases with pressurized furnaces. 


for the PF burning 
3 ed in all these cases, with a 
the major helium- 1 

was 
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additional power was generated in the iurnace loop, and the specific cost of 

the helinn; ccmponents in terms of dollars per net kHe of total output 

decreased accordingly. Case 4, a pressurized furnace with integrated LBTU 
gasifier, produced the majority of its power in the furnace loop {441 MWe out 
of 741 HWe gross output). In this case, the furiiaGe loop was essentially a 
ccipbined gas turbine/steam turbine cycle, with the steam cycle providing steam 
for the gasifier, case 7 used a low-temperature open-cycle gas turbine for 
furnace pressurization and produced only a small amount of power in the 

furnace loop. 

Furnace-loop major components include the furnace modules and the pressurizing 
turbomachinery and heat-recovery equipment (recuperator or steam plant), 
Balance- of- plant costs include all other equipment and material costs, and all 
site labor costs for component installation and construction. The gasifier 
cost (case 4) is included in the balance-of-plant costs in this table. As 

would be expected, the combined furnace- loop and ba la nce-ot- plant costs are 
substantially higher for those cases with coal as a fuel (AFB, PFB, and PF 
with integrated LBTU gasifier) than for the case with a PF burning 
”o ver-the-fence*' HDTD gas produced from coal. For the latter case, the 
capital costs required for coal handling and processing to produce a clean 
fuel appear in the form of a higher fuel cost. This can be seen by comparing 
the 14.4 mills/kW-hr capital component and the 10.4 nills/kH-hr fuel component 
of cost of electricity for case 7 with the 23.8 mills/kH-hr and 9.1 
mills/kS-hr, respectively, for case 8, The two coal-burning furnace cases 
(AFB and PFB) have higher furnace-loon component costs than the two 
pressurized furnace cases burning LBTU and HBTtl gas. As noted previously, the 
LBTU gasifier costs appear in the balance of plant. The furnace- loop major 
component cost is lower for case 4, a PF with LBTU gasifier, than for case 7, 
a PF with HBTU gas, apparently because of the large quantity of power 
generated in the furnace loop of case 7 by the combined gas turbine/steara 
turbine system. 

Contingency and escalation are applied as percentages of these costs and 
therefore reflect the differences described. Interest during construction 
also reflects these costs but in addition is a function of the construction 
time, which G. E. estimated at 4 years for the three coal-burning plants and 3 
years for a pressurized furnace system burning HBTU gas. 

Table 5.5-4 presents similar cost information for three cases selected from 
the recuperated unbottomed cases studied by Westinghouse. They include a PFB 
(case B22), a PF with integrated LBTU gasifier {case R30) , and a PF burning 
”over-the-f ence" HBTU gas (case H24) . Westinghouse did not study an AFB case. 
The same trends can be seen in the Westinghouse cases that were described for 
the G.E. cases, with the exception of the case using a pressurized furnace 
with an integrated LBTU gasifier. As with G.E.'s case 4, the gasifier cost is 
included in the balance-of-plant in this table. Westinghouse estimated 
capital cost and cost of electricity for this case to be substantially higher 
than for the PFB case, while G.E. 's estimates were lower than tor their PFB 
case. This diftatence is apparently due to G.E.'s use of a combined gas 
turbine/steara turbine cycle in the furnace loop that produced almost 60 
percent of the total power output in addition to supplying compressed air and 
steam for the gasifier. Westinghouse used a low-temperature gas turbine with 
a heat-recovery steam generator for gasifier steam requirements only. With 
this configuration the furnace loop produced only 10 percent of the total 
power. It may also be noted that the balance-of-plant costs estimated by 
Westinghouse are substantially higher than those estimated by G.E, , but 
contingency is lower. 

Although it is difficult to compare component costs between the two 
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contractors/ because no two cases had all parameters alikei table 5.5-5 
presents a cost breakdown for the roughly similar PFB cases of table 5.5-4 
{G,k case 6 and Hestinqhouse case «22). Costs of the helium-loop major 
components and the pressurizing gas turbine and recuperator in the furnace 
loop are expressed in terms of dollars per kilowatt of gross loop power (in 
parentheses) as well as dollars per kilowatt of total net power. 

The cost of the turboraachinery for the helium cycle was estimated by G-E. at 
$49/kHe of helium- loop gross power output. The corresponding Restinghouse 
estimate was about $60/kWe. General Electric assumed a single-shaft machine 
incorporating a small percentage of compressor bleed flow for turbine disk 
cooling, while Westinghouse assumed a two-shaft machine with no provisions for 
turbine disk coding. The somewhat higher cost estimate for the two-shaft 
machine seems reasonable. 

The recuperator cost estimates for the two cases in table 5.5—4 are not 
directly comparable because of a difference in the design effectiveness, 0.85 
for G.E, and 0.40 for Westinghouse. Tf the G.B. recuperator cost were 
adjusted to a 0.90 effectiveness by scaling in proportion to MTU requirements, 
the cost in $/kWe of helium-loop gross power would increase from S50/kHe to 
about S79/kHe, or almost twice the cost estimated by Westinghouse. 
Westinghouse also assumed a lower value of pressure loss ratio (delta P/P) for 
their recuperator than did G.E., but this difference would have only a small 
effect on recuperator costs in the range of pressure loss ratios considered. 
Both cortractors assumed conventional tube-and-shell construction, with a 
single material throughout. In addition to a higher level of recuperator 
cost, cases studied by G.E. to investigate the effect of recuperator 
effectiveness on costs showed recuperator costs increasing faster than would 
be expected from a simple NTO relation. The Westinghouse results seemed to 
follow more closely the MTU requirements. Both factors would tend to make the 
G.E, cost of electricity minimize at lower recuperator effectiveness than 
that of Westinghouse. The G.E. results indicated that minimum COE occurs at 
an effectiveness below 0.85. Although the Westinghouse results show a minimum 
at around 0.90, it is difficult to draw any definite conclusions because the 
recuperator effectiveness in both the pump- up loop and the helium loop were 
varied siicultaneously. A further discussion of recuperator performance 
trade-offs is presented in section 5. 5. 2. 2. 2. 

Westinghouse *s precooler cost estimate is about 30 percent higher than G.E.'s, 
but the preccciet is a relatively low-cost component and does not have a large 
impact on the COE. 

Although the total-cost estimates for the furnace- loop major components are 
within abcut 10 percent, there are significant differences in each of the 
components. General Electric's cost estimate cf the pressurizing gas turbine 
and recuperator is about double that of Westinghouse, while the estimated 
t urnace cost is about 20 percent less. Costs of all the furnace types are 
discussed and ccmpa red in section 5.14. The cost of the G.E. pressurizing 
gas turbine and recuperator (S334/kWe based on gross furnace-loop power) 
appears tc be inconsistent with the cost estimates made by G.E. for similar 
oquipment used in other systems studied in Phase 1. Estimated costs of the 
pressurizing equipment for the PFB case for the liquid— metal topping cycle and 
supercritical carbon dioxide cycle, for example, were only $167 per kilowatt 
of furnace-loop power. This is half that estimated for the closed-cycle gas 
turbine system and is in reasonable agreement with the Westinghouse estimate. 

As indicated previously, Westinghouse 's balance-of -plant cost estimate is 
substantially higher than G.E.'s, while the contingency is lower. ft large 
part of the difference in balance-of-plant cost estimates can be attributed to 
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site labor. Hestinghouse’ s estimate of installation costs amounted to about 
$96 pe>* kilowatt of net power for case H22, while G.E. *s site labor costs for 
case 8 'were estimated at about $ai/kHe. Escalation and interest charge rates 
were specified by N&SA, and the differences between the two contractors 
reflect essentially the differences in capital costs discussed and the 
difference between the G. E. estimated construction time of 4 years and the 
Hestinghouse estimate of 4.55 years. 

5. 5. 2. 2. 2 I nfluence of recuperator effectiveness and J 2 £essure losses. - 
Brayton cycles have a relatively high ratio of compressor power to turbxne 
power, since the useful output is proportional to the difference between 
these two, the system performance is very sensitive to parameters or 
requirements that affect the ratio of turbine power to compressor power. Such 
parameters or reguirements Include turbine and compressor aerodynamic 
performance, system pressure losses, and turbine cooling requirements. The 
efficiency of Brayton cycles is also very sensitive to recuperation, which 
essentially reduces the temperature range over which heat is added to and 
rejected from the cycle. In the case of closed-cycle gas turbines these 

sensitivities are especially significant because they result in a strong 

trade-off between capital cost and system efficiency. The closed-cycle gas 
turbines considered in EGAS have more heat exchangers than the open-cycle gas 
turbines considered., In addition to the recuperator, they have heat input 
through a futnace/heat exchanger, they reject heat through a precooler and/or 
a bottoming-cycle heat-recovery boiler, and sometimes they include a 
compressor intercooling heat exchanger. 

Pressure loss is a primary consideration in the design and layout of all these 
heat exchangers and the ducting between them. When high-effective ness 
exchangers {particularly the recuperator) are considered for the sake of 

performance, the physical size of the heat exchangers becomes large, which 

makes low- pressure- loss ducting of the working gas between components a more 
difficult problem. 


The curves in figure 5.5-5 show the sensitivity of the closed-cycle gas 
turbine thermodynamic efficiency to recuperator effectiveness and pressure 
lasses. The pressure losses are indicated in the figure by the loss pressure 
ratio L, which is the turbine pressure ratio divided by the compressor 
pressure ratio. The thermodynamic efficiencies range from the mid-30 s 
recuperator effectiveness and loss pressure ratio similar to the G.E. base 
case to the mid-40»s with recuperator effectiveness and loss pressure ratio 
near the extremes of the range of parametric variations considered. The G.E. 
base case (which has 0.85 recuperator effectiveness and O.^T3 loss pressure 
ratio) is plotted near curve A. It is slightly lower mainly because G.E. 
included almost 4 percent compressor bleed flow for the turbine cooling, while 
none is included in the NASA calculated curves in figure 5.5-5. The turbine 
coolant is used for blocking the hotter working gas from the wheel space at 
the roots of the rotor blades, but not for cooling the blades in either stator 
or rotor rows. General Electric base case 1 has a furnace-loop efficiency of 
about 88 percent and auxiliary power requirements of about 7.5 percent so tnat 
the powerplant efficiency is 29.5 percent, reduced from the 36.4 percent 
thermodynamic efficiency shown in the figure. 

Host of the Hestinghouse cases used a 0.90 effectiveness recuperator and 
smaller pressure losses. Also most cases had a higher compressor-inlet 
temperature than the Sflo P assumed by G.E. Only one case, R39 with 
once-through cooling, had an ao^ F compressor-inlet temperature. All 

Hestinghouse cases with cooling towers had higher compressor-inlet temperature 
(which reduces cycle efficiency). Since figure 5,5-5 is a comparison of 
thermodynamic cycle efficiency (helium cycle only), Hestinghouse case R38 was 
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piottea, it being the Hestinghouse case with the closest helium-cycle 
Uraraeters to those of curve B. Hestinghouse calculations, like those of the 
curves of figure 5.5-5, did not include compressor bleed for tpbine cooling. 
The pressure losses for case R38 are slightly lower than those assumed in 
curve B. However, the Hestinghouse mechanical losses assumed were higher, and 
the two effects cancel each other. 

curve F has the same recuperator effectiveness and pressure losses as curve A 
but includes cne stage of compressor intercooling. General Electric case 20 
is such a case except that it includes an additional pressure loss for the 
intercooler. This additional pressure loss plus the turbine cooling that G.E. 
included is apparently the reason case 20 is below curve F. 

As shown by ccmpa rison of curves A to E, the thermodynamic efficiency 
increases considerably as the recuperator effectiveness is increased and 
pressure losses are reduced. However, the recuperator cost would also 
Lcrease considerably. As the recuperator effectiveness is increased from 
0.85 to 0.90 the recuperator heat transfer area per unit of helium flow 
increases by about a factor of 1.6. Increasing the effectiveness from 0.85 to 
0.9h increases the area per unit flow about 2.7 times. However, as shown in 
fiqiire 5.f5-5 as the recuperator effectiveness is increased the pressure ratro 
that yields maximum efficiency decreases. This reduces the power output per 
unit of helium flow rate, so that the increase in recuperator heat transfer 
area per unit of power output is actually higher than the factors gust stated. 
For example, the recuperator area per unit of power output for the point in 
figure 5.5-5 with 0.94 recuperator effectiveness and 2.0 pressure ratio on 
curve E would be 3.2 times that for the point on curve A with 0.85 
effectiveness and 2.5 pressure ratio. If the recuperator configuration and 
materials were similar for these two cases, this 3.2 factor would be roughly 
indicative of the ratio of recuperator costs. Since these are large heat 
exchangers for the system power levels examined in EGAS, they are constructed 
in modules, with module size influenced by manufacturing and shipping 
constraints. An increase in recuperator size of the order of a factor of J 
would significantly affect the number of modules, which would in turn 
significantly affect the cost of gas ducting to and from the modules. Both of 
these factors would affect the installation costs. 

The choice cf recuperator effectiveness and system pressure loss ^ 

trade-off between these capital cost and performance considerations. This 
trade-off is highly influenced by the recuperator design approach and the 
percentage of total system cost that is due to the recuperator and its 
associated ducting and installation costs. Both contractors used tube- 
and-shell recuperator designs (see section 5. 5. 2. 2. 4) . The G.E. results show 
the lowest COE for a recuperator effectiveness of 0.85, the lowest value 
considered. In the Hestinghouse results the lower values of recuperator 
effectiveness also yield the lower COE results. However, in ^is case the 
furnace locp is pressurized and the furnace-loop recuperator effectiveness is 
varied simultaneously with the helium recuperator effectiveness. If a more 
compact and less expensive recuperator design approach were considered, the 
trade-off would favor higher effectivenesses. This would result not only in 
an increase in system efficiency, but also in some cost redactions (in terras 
of $/k«e) of some other components and balance-of-plant items. Such sterns as 
the furnace, coal handling systems, and cooling towers have costs in dollars 
more directly proportional to heat input or heat rejection and hence costs in 
dollars per kilowatt inversely proportional to efficiency. 

AiPeseacch, Division of Garrett corp., advocates the use of plate-fin heat 
exchangers in the closed-cycle gas turbine system in order to achieve higher 
performance by forcing the capital cost - system efficiency tradeoff toward 
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the selection of higher recuperator effectiveness and lower pressure loss. 
After the Phase 1 public briefing in May 1975 by the contractors, AiEesearch 
sent comments to NASA concerning this approach. They would contain the 
plate-fin recuperator core within a pressure vessel that was pressurized to 
the miniDium pressure in the loop. The thermodynamic efficiency plotted near 
curve G was calculated by AiEesearch using parameters similar to those assumed 
by carve G. It falls slightly below curve G because it assumes slightly 
higher pressure losses and slightly lower compressor efficiency and includes a 
1 percent compressor bleed for turbine cooling. For the same furnace-loop 
efficiency and auxiliary losses as calculated by G. E. , this AiEesearch point 
would have an overall energy efficiency of 36.5 percent compared with the G.E. 
intercooled case 20 with a overall efficiency of 31.6 percent. AiEesearch 
predicts a much lighter heat-exchanger core for this case than calculated by 
G.E. for a tube-and-shell recuperator. Although such plate— fin heat 
exchangers wculd be expected to cost more per unit weight than tube-and-shell 
heat exchangers, their compactness and reduced weight have the potential for 
lower cost at higher effectiveness. Recuperators are further discussed in 
section 5 . 5.2.2. 4. 

5. 5. 2. 2. 3 Perfor man ce potential at higher temperatures . - Doth G.E. and 
Westinghouse considerid parametric cases with helium-turbine-inlet 
temperatures above 1500® F. Both used high-temperature-alloy tubular heat 
exchangers in the furnace, clean fuels were used in all cases. Because of 
the fuel conversion efficiencies, however, the overall energy efficiencies 
were much lower than for the direct- coal- fired cases. In Phase 2 a nominally 
1900® F helium cycle using a coal-fired AFB furnace with a ceramic 

heat-exchanger section will be studied. 

Figure 5.5-6 shows performance calculations for a 1900® F 
turbine- inlet-temperature, closed-cycle gas turbine with intercooling. The 
range of recuperator effectivenesses is the same as considered in figure 
5.5-5, and the pressure losses are assumed to be the intermediate values 
considered in figure 5.5-5. The ordinate showing the overall energy 

efficiency assumes a furnace-loop efficiency of 88 percent and plant auxiliary 
reguirements of 7.5 percent. These assumptions approximate the G.E. values 
for a closed-cycle plant with a coal-fired AFB furnace. 

Turbine cooling would be required with a turbine-inlet temperature of 1900® F 
and state-of-the-art materials. The curves in figure 5.5-6 show the influence 
of turbine cooling on system performance. The turbine cooling schedule used 
was calculated by using a simplified cooling effectiveness curve based on data 
published in reference 7. since the data are for open-cycle gas turbines 
using air coolant at lower pressures than of interest here, use of this 
effectiveness curve should be considered as an approximation. However, it is 
gudged to be a reasonable approximation. The performance of the helium 
turbine was calculated by considering each row of blades individually, 
assuming that the coolant from each row enters and mixes with the main gas 
stream before inlet to the next blade row. One-half percent of the compressor 
flow was assumed to be used in each turbine stage for wheel space blockage 
flow. The number of turbine stages was assumed to vary from 6 at a pressure 
ratio of 2.5 to 10 at a pressure ratio of 4.5. 

The temperature reduction in each stage of a helium turbine (because of the 
higher specific heat of helium) is much smaller than in an open-cycle gas 
turbine. This necessitates the cooling of many more stages. (Only the first 
stage of a 1900® F open-cycle gas turbine would require cooling.) As a result 
the total amount of cooling is larger for the helium turbine (10 percent or 
more for the range of conditions in fig. 5.5-6). And consequently, the effect 
of turbine cooling on performance shown in figure 5.5-6 is larger than would 


129 


be expected in an open-cycle gas turbine at 1900" F. 

Also shown in the figure is a single point for a closed-cycle gas turbine uitb 
an organic bottoming cycle. In this case the closed gas turbine cycle 
includes turbine cooling, has a 0.85 recuperator effectiveness, and does not 
include ccnpressor intercooling. The organic bottoming cycle is a 460® F 
turbine-inlet-tenperature Fluorinol-85 cycle aith a 90® F condensing 
temperature. The organic-bottomed case including turbine cooling exceeds the 
perforntaace of the unbottomed intercobled configuration with the sane 
recuperator effectiveness, even when turbine cooling is not included in the 
intercooled case. In addition, although not shown in the figure, the penalty 
of turbine cooling when an organic bottoming cycle is used is much less (about 
half) than in the unbottomed configuration. With turbine cooling the flow 
rate on the hot side of the recuperator exceeds that on the cold side. As a 
result the recuperator hot-side exit temperature (the organic boiler helium 
inlet temperature) is higher when turbine cooling in included. The heat input 
to the organic bottoming cycle is therefore increased. In effect, the loss in 
power output from the helium turbine due to turbine cooling is in part 
compensated for by an increase in the organic bottoming cycle output. 

A significant point to be made from figure 5.5-6 is that major performance 
gains could be made by reducing the amount of turbine cooling reguired. The 
performance with turbine cooling at 1900® F in the figure is not significantly 
higher than that obtained at 1500® F without turbine cooling. The power 
output per unit of flow is higher for the 1900® F case, however, and this 
would reduce the specific cost of some of the components. The cooling 
requirements used in these calculations are, as explained, an approximation. 
Further experimental data and analysis would be needed to determine whether 
these requirements are actually necessary. However, several approaches to 
reducing turbine cooling requirements are obvious. The development of 
advanced turbine materials and/or thermal barrier coatings would reduce 
cooling requirements. Also in the case of the closed-cycle gas turbine, the 
working fluid is a design variable that could be chosen so as to reduce the 
nuraber’of turbine stages and hence cooling needs. A mixture of helium and a 
heavier inert gas could result in fewer turbine stages while still maintaining 
a relatively high heat transfer coefficient, which is desirable from the 
standpoint of the heat exchangers. 

5.5.2. 2.4 other important f actor s. - The following factors were also 
considered. 


5. 5. 2. 2. 4.1 Horking fluid: Both G.E. and Hestinghouse used helium as the 

working fluid for all parametric cases. Helium has a very good heat transfer 
coefficient, which is desirable from the s<-andpoint of the heat exchangers. 
But because of its low molecular weight it results in a large number of 
compressor and turbine stages and consequently in increased turboraachinery 
complexity and cost. This is particularly true of the higher pressure ratios, 
which are of interest for the intercooled configuration or for higher 
turbine-inlet temperatures. 

By using a mixture of helium and a heavier inert gas, the working fluid could 
be tailored to provide a more optimum combination of molecular weight and heat 
transfer characteristics. Selection of a desirable mixture requires more 
study to examine the trade-off between heat-exchanger cost, tar bomachinery 
cost, and the cost and availability of the gas. In cases where the initial 
turbine stages require cooling, a reduction in total number of stages through 
the use of a higher-molecular- weight gas mixture would also reduce the amount 
of cooling required. As discussed in the previous section this could 
significantly improve performance. 
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5. 5. 2. 2. 4. 2 Pressure level: The effect of systeoi pressure levels on cost was 

examined by iestinghouse on the basis of a constant output power. This 
required turbomachinery » heat— exchanger* and duct sizes to vary and cost 
estimates had to include both size and pressure effects. It would also be 
desirable to evaluate pressure level effects with constant turbomachinery 
size, wherein output power is proportional to pressure level. Cost increases 
in the closed cycle would arise primarily from increasing the pressure 
containment capability. It would also seen likely that a minimum cost per 
unit output would be achieved by using the largest turbomachinery sizes 
practical, consistent with fabrication and handling capabilities, to minimize 
turbomachinery loss effects, such as from seals and tip losses. Pressure 
levels would then be set to the point where costs due to higher pressures 
increase as rapidly as the increases in output power with higher pressure. 

5.5.2.2. 4. 3 Recuperators: Both contractors used tube-and-shell construction 

with a single material throughout. Typically, G. E. assumed the use of 304 
stainless steel, and Westinghouse assumed 316 stainless steel. The sizing 
technigues used by the contractors compare closely based on an estimate of 
their heat transfer coefficients. The G. E. cost estimates however, were 
about twice as high per unit of surface area as the Hestinghouse cost 
estimates. 

Additional cost estimates for closed-cycle gas turbine recuperators were 
obtained from Zurn Industries, Inc., through an NASA contract with Burns and 
Roe. Zurn selected lower cost materials and used two tube-and-shell units in 
series. A 0.5 chromium - 1.25 molybdenum alloy was assumed for the hot end; 
and below 650® F, carbon steel was used. The Zurn cost estimates were about 
half those of Hestinghouse. The use of lower cost materials is the primary 
reason for the lower Zurn cost estimates, 

A reduction in the recuperator cost through the use of different materials at 
different temperature levels could have a significant effect on ove rail system 
cost and performance. As discussed in section 5. 5. 2. 2. 2 this could shift the 
capital cost - performance trade-off toward the use of higher recuperator 
effectiveness. The increased system efficiency could then result in reduced 
capital costs in other parts of the system from reduced heat input and reduced 
heat rejection per unit of power produced. 

Another alternative with potential for lowering recuperator cost is the use of 
plate-fin heat exchangers. However, development of this technology 

constitutes a substantial advance over the current state of the art. The 
application of plate-fin heat exchangers has been limited to open-cycle 
systems at pressure levels of approximately B to 10 atmospheres and 
temperatures near 900® F. The closed-cycle conditions would impose 

requirements for substantially higher pressures (500 to 1000 psia) and higher 
temperatures while still meeting the requirements for high reliability and 
availability, ease of maintenance, factory assembly, and field erection at low 
cost. The use of a vessel pressurized to the minimum system pressure to 
contain the plate-fin core would considerably reduce the pressure difference 
experienced by the core, but the pressure difference across the two sides 
would still be higher than current experience. 

B.5.3 C oncludincf Ke marks 

The coal-fired cases of both contractors resulted in the highest overall 
efficiency and lowest COE. Cleaner fuels allow higher firing temperatures 
and/or more power extraction from the furnace cycle but result in higher COE 
because of the higher fuel prices. The results show the COE of coal- fired 
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TABLE 5.B-1. - PAHAMETEHS FOR BECUPEHATED (NONBOTTOMED) CLOSED-CVCLE CAS TURBINES 



Funrnce 


AltnosplicrJc 

Conventional 

Pressurized naidtzod bod 



Pressurized 




nuidisedbed 

atmospheric 











Fuel 



Coa^ 

Distillate 

Coal 

IIBTU gas 

LBTU gas 

DistlUato 




Contractor 




Gononil Eloctrlq 

WostlnEhonsc 

Gcneml Electric 

WoBtInghousc 

Genurai Electric 

WcstlnBJiousB 

General Hloctric 

WcsUnghousc 





N 

umber of patumctrlc points 




22 

1 

1 

S 

7 

1 

3 , 

1 

37 

Prlinaiy loop: 
Coroprossor Ulscliargo 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

lOOO 

500, 1000, 2000 

prossui'C, psia 
Turbino-lnlot tom.- 

1350, 1500 

1500 

1500 

1500 

ISOO, 1709 

1500 

1500 

1500 

1200, 1500, 1800 

poraluvo, 

2, 2.S, 3 

2,6 

2.5 

2.5 

2, 2.5, 3 

2.5 

2.5 

2,5 

2, 2.5, 3. 4 

Compressor pressure 









mtlo 

tlecupeiator pressure 

0.03, O.OS, 0.07 

0.02 

0.03 

0.02 

0.03 

0.02 

0.0.3 

0,02 

0.02, 0,01, 0.06 

drop, AP/P 
necuperator effee- 

0.8S, 0.90, 0.05 

0.0 

O.BO 

0,9 

0.B5, 0,0 

0.9 

0.85 

0.9 

0.8,0.9,0.95 

llvencss 

Compressor Inlet 

GO, ao, BS, IIG 

06.0 

80 

90.5 

80 

9G.5 

SO 

96.5 

79, OC.B, 120 

tqmperptonJ, °F 






1 

■ 1 

1 

1 

Number of units 
Cooling lower type 

1. 2, -I 
Wet, dry 

1 

Wet 

Wet 

Wet 

Wot 

Wet 

Wet 

Wet 

Wet, diy, once tlirougli 
1,5,7 

thtercooUng pressure 

2.5, 4. 0.25 

“ — 








ratio 










Pcoasurizing loop: 
Turblne-liilot tom- 



IGOO 

1100, 1700 

1200 

1100 

“iBOO 

UOO 

1100. 2200 









poraUirc, 

Pressure ratio 
Combustor pressure 



10 

5, 10, 15 

B 

10 

10 

10 

5, 10, 15 



N.S. 

0.09 

as. 

O.OG 

N.S. 

0.06 

0.05, 0.09, 0.012 









drop, AP/P 



D.B5 



, ,,, 



0, O.as, 0,0, 0.95 

Ilccupeiutor 










eXfeettvenoss 



N.S. 







0,03,0 

Roctiporator prosauto 









drop, iP/P 










Coni l>Tie 

lllinotp *0 
North Dahotn 
Montana 

Illinois i)G 

Illinois #5 

minolsOG 
Norlli Dakota 

ntlnots #6 

lUinolE DC 

UltnolsAG 
Nortli Dakota 

minols«o 

lUtnolB fIG 




Montana 



Montana 




^Intogmleil witli gnfliHor anil Btcnm tuitaiao. 
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TABLK 5*5--2. - PA liAMETEliS POH 


General Electrle 


Furnace 


Almospheric nuidiKccl bod 


Fuel 


Coal 


Bottomlng-cyele fluid 



Number of parametric points 


P timary loop: 

Compressor discharge pressure, psla 
Helium turbine-inlet temperature, °F 
Compressor pressure ratio 
Recuperator pressure drop, AP/P 
Recuperator effectiveness 
Compressor Inlet temperature, F 

Helium heater pressure change, AP/P 
Precooler 

Vapor generator pressure drop, AP/P 
Pressurizing loop; 

Q 

Turbine-inlet temperature. 

Pressure ratio 

Combustor pressure dir 'P 
Vapor generator pressure drop, AP/P 

Bottoming loop; 

Turbine-inlet pressure, psla 

Turbine-inlet temperature, °F 

Helium pinch-point AT 
Turbine reheat pressure, psia 

Turbine reheat temperatux-e. °F 

Desuperheating recuperator 

Cooling tower type 


Coal type 


u 
0 
2.5 
0.03 
0.85, 0.9 
80 


1000 1900 

1500 1500 

2.3 2.5 

0.03 0.0.3 

0.6 0, 0.5, 0.85, 0.9 

80 80 



1500, 1600, 1700 

650 

125, 100, 400, 800 

390, 400, 410. 430 

460 

384, 413, 561. 900 

30, 50, 70 

50 

30 


None 
Wet, dry 


niinois #6 Illinois # 6 



Wet, dry 


lUinois #6 
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COMBINED CLOSED-CYCLE GA.S TURBINES 


Westinghouse 


Furnace 


Pressurized fuinace 


Pressurized 
fluidized bed 



HBTU gas LBTU gas Coal 




With. 

without 


Wot. dry, 
direct 
condensing 


Bottoming-oycle fluid 


Meth.vl- 

SO, 

amine 










(a) 

la) 

(a) 

(a) 

200 

200 

0.02 

0.02 

None 

None 

0.02 

0.02 

1100. 2200 

2200 

10 

10 

0.06 

0.06 

0.04 

0.04 

2000 : 

1800 

550 

950 

40 

40 




Number of parhmetric points 


40 


500. 1000, 2000 
1200. 1500. 1800 
1 5. 2. 2.5. 3. 4 
la) (a) 

(a) (a) 

200 96.5. 150. 200. 

250. 300. 320 
0.02 0.02. 0.04, 0.06 

None With, witliout 
0.02 0.02. 0.04. 0.00 

2200 1100. 1700. 2200 

10 5. 10. 15 

O.OC 0.03 , 0.06. 

0,09. 0.12 
0.04 0. 0.02, 

0.04. 0.06 

1800 1250. 1600. 

2000, 2500. 3500 
950 SOU, 850, 900. 

1000 

40 40. 60. 80 

2.50. .3.50. .50!. 

None 
800. 850. 900. 
1000. None 
None 


Wet Wot. dry. once 
th rough 


■19 


Illinois -0 Illinois "6 Illinois *6 


Illinois --6 Illinois •= 0 Illinois «6 


Illinois #6 
North Dakota 
Montana 




























TABLE 5.5-3. - CONTRACTORS' BASE-CASE PARAMETERS FOR CLOSED-CYCLE GAS TLT^B1NES 



General Electric 

Westinghouse 


case 1 

Case 25R 

Case 48 R 

Case 5C 

Furnace 

AFB 

PFB 

Conventional 

atmospheric 

Pressurized 

Fuel 

Illinois # G 

niinois #6 

Distillate 

Distillate 

Compressor discharge pressure, psia 

1000 

1000 

1000 

1000 

Helium loop: 




1500 

Turbine-inlet temperature, °F 

1500 

1500 

1500 

Compressor pressure ratio 

2.5 

2,5 

2.5 

2.5 

Recuperator effectiveness 

0,85 

0.0 

0, 9 


Recuperator pressure drop, AP/P 

0.03 

0.02 

0. 02 


Loop pressure drop, AP/P 

0.08733 

0.059 

0.059 

0.040 

Compressor inlet temperature, °F 
Cooling tower type 

80 

Wet 

96.5 

Wet 

96.5 

Wet 

200 

Wet 

Pressurizing loop: 

Turbine-inlet temperature, °F 




2200 


10 


10 

Pressure ratio 



Bottoming loop: 

Turbine-inlet pressure, psia 




10 




3500 

Turbine-inlet temperature, F 




Steam 

Working fluid 





*^Calculated as 1 - (Turbine pressure ratio)/ (Compressor pressure ratio). 
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TABLE 5.S-4. - CCBTS FOR RECUPERATED CLOSED-CYCLE GAS TURBINE 


General Electric 


System parameters: 

Helium loop: 

Turbine-Met temperature, °F 
Compressor-Met temperature, °F 
Compressor pressure ratio 
Recuperator effectiveness 
Reciperator pressure loss, AP/P 
Loop pressure loss, AP/P 

Furnace pressurizing loop; 
Turbine-Met temperature, °F 
Pressure ratio 
Recuperator effectiveness 

Power output, MWe: 

Furnace loop 
Helium loop 
Net 

Capital cost, $/kW net: 

Major components - helium loop 

Major components - furnace loop 

Balance of plant 

Contingency 

Escalation 

Interest during construction 

Time for construction, yr 

Cost of electricity, miUs/kW-hr; 
Capital 
Fuel 

Operating and maintenance 


AFB 
case 1 


1500 

80 

2.5 

0.85 

0.03 

0.08733 


PFB 
case 8 


1500 

80 

2.5 

0.85 

0.03 

0.08733 


PF-LBTU 
case 4 


1500 
80 
2.5 
0.85 
0.03 
0. 08733 


PF-HBTU 
case 7 


1500 

80 

2.5 

0.85 

0.03 

0.08733 


Westinghouse 


PFB 
case R22 

PF-LBTU 
case R30 

PF-HBTU 
case Ii29 


Powerplant efficiency, percent 










TABLE 5. 5-5. - COST COMPARISON OF RECUPERATED CLOSED-CYCLE GAS TURBINE SYSTEMS 


WITH PRESSURIZED FLUIDIZED BEDS 



General Electric 
case 8 

Westin^iouse 
case R22 

Maior component costs; 

Helium loop. S/kW net ($/kW He): 
Turbine/ generator/ compressor 
Rccupei’ator 
Precooler 

80.4 (106.7) 

36.9 (49.0) 
37.7 (50,0) 
5.8 (7,7) 

86.1 (112.3) 

46.1 (60.1) 
32.0 (41.8) 
8.0 (10.4) 

Furnace loop. S/kW nel (S/'kW furnace loop): 
Pressuriaing gas tuibine and recuperator 
Furnace 

202.3 

92.5 (334,5) 
109.8 

181,9 

46.0 (180.4) 
135.9 

Balance of plant, S/kW net 

165.1 

249.1 

Contingency, S/kW nel 

89.4 

32.7 

Escalation. s/kW not 

104.0 

101.6 

Interest during construction. S/kW net 

113.8 

115.2 

Totiil capitalization, s/kW net 

754 

766 
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Figure 5. 5-2. - Atmospheric furnace loop for closed-cycle gas turbine system. 


Combustion 



Figure 5. 5-3. - Pressurized furnace loop for closed-cycle gas turbine system. 
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Figure 5. 5-4. - Overall range of results for closed-cycle gas turbines tCGT), closed-cycle gas turbines with steam bottom- 
ing cycles (CGT/steaml, and closed-cycle gas turbines with organic bottoming cycles (CGT/organicI, with coal-fired at- 
mospheric (AFB) and pressuriaed (PFB) fluidized beds. 
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Figure 5.5-5. - Performance of closed-cycle gas turbine with 
turbine- inlet temperature of 150CP F. compressor inlet tem- 
perature of 80° F, turbine and compressor potytropic effi- 
ciencies of 0.90, and helium working fluid. 
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/ recuperator 



Recuperator 
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Figure 5.5-6. - Performance of closed-cycle gas turbine with single- 
stage intercooting; turbine- inlet temperature of 190CP F, turbine 
and compressor polytropic efficiencies of 0. 90. loss pressure ratio 
of 0.925. and helium working fluid. 
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5,6 SCPEBCRITICAL CARBON DIOXIDE CYCLE 
by Donald C. Guentert 

Tho supercritical carbon dioxide cycle is a closed cycle employing carbon 
dioxide gas at supercritical pressures. It offers advantages in efficiency 
over the inert-gas, closed Brayton cycle because real-gas effects near the 
critical point reduce pump or compressor power to about 20 percent of the 
total turbine power, as compared with about 50 to 55 percent for the 
inert-gas, closed Brayton cycle, compactness of turbomachinery is also a 
characteristic of the supercritical carbon dioxide cycle. However, it is a 
highly recuperated cycle, with thermal loads in the recuperator equal to about 
2,5 times the cycle input, and the recuperator cost is a significant part of 
the plant cost. Cycle conditions combining very high pressures at relatively 
high temperatures result in difficult component design problems. 


5.6.1 Scope of Analysis 

The supercritical carbon dioxide cycle was studied only by General Electric in 
the EGAS study. The cycle calculations were performed by Actron Industries, 
the leading exponent of the supercritical carbon dioxide cycle in this 
country, who have available existing carbon dioxide property data and computer 
programs for calculating performance. Costs were estimated by G.E. for the 
turbomachinery and recuperators, by Foster H heeler for the furnace components, 
and by Bechtel for balance-of- plant components and installation. 

Table 5.6-1 lists the cycle variations considered in the study and the range 
of the operating parameters. General Electric assumed a base case based on 
recommendations of the system advocate (Actron Industries) and studied the 
effect of parametric variations from this base case. The base-case 
configuration and parameters are underlined. A total of 32 cases were 
studied, including variations in the fuel, the furnace type, the primary cycle 
config uca tion, and the operating parameters. 

Emphasis in the study was on the atraospheric-fluidized-bed furnace, 

variations included one case with a pressurized fluidized bed and four cases 
with a pressurized furnace( three burning Icw-Btu gas from an integrated, 
pressurized, fixed-bed gasifier with each of the three coal types; and the 
fourth burning a high-Btu gas) . 

The primary cycle configurations considered included the simple cycle (Feher 
cycle), the reccmpression cycle, and the postheat cycle- A schematic diagram 
of the recoupression cycle, the base-case configuration, is shown in figure 
5.6-1. cycle operating parameters includcvi turbine-inlet temperature, 
pump-inlet temperature, pressure ratio, pump flow fraction (fraction of total 
flow passing through the pump) , recuperator minimum temperature difference, 
and component pressure drops. 

The temperature-entropy diagrams for the three cycle configurations are shown 
in figure 5.6-2. The simple cycle (fig. 5.6-2 (a)) suffers from a large 
irreversible heat transfer loss from the high-temperature side to the 

low-temperature side of the recuperator due to property differences on the two 
sides. This loss appears as a reduced average temperature of heat addition to 
the cycle with consequent reduced cycle efficiency. This situation can be 
improved in the rec ompression cycle (fig 5,6-2(b)) by splitting the flow at 
the exit of the low-pressure side ot the low- temperature recuperator and 
compressing one portion of it in a separate compressor to later mix with the 
pump flow at the exit of the high-pressure side of the low-temperature 
recuperator. The effect is to raise the average temperature rn the 
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higb-pcessure side of the recuperator and to raise the average teeperature at 
which heat is added to the cycle, with a conseguent iaproveaent in cycle 
efficiency. However, the recuperator size and cost increase as a result of 
the reduced log nean temperature difference. Increasing the flow fraction 
passing through the pump (expressed as pump flow fraction) to a value of 1.0 
results in the simple cycle. The postheat cycle is shown in figure 5.6-2<c). 
This cycle variation attempts to alleviate the problems in the heater 
resulting from high pressure at high temperature. The flow at the 
high“tempetature recuperator exit on the high-pressure side is first expanded 
through the pump and compressor drive turbine before entering the heater. 
Although the pressure is reduced in the heater, a penalty is paid in 
efficiency because of the reduced average temperature at which heat is added 
to the cycle. 


5.6.2 Results of Analysis 
5.6. 2.1 Overall Comparison 

An overview of the results of the study is presented in figure 5.6—3. The 
large block bounds the atmospheric-f luidized-bed cases, which were emphasized 
in the study. These cases are characterized by fairly good efficiency 
(between 36 and 41 percent) but high COE’s (between 56 and 78 mills/kw-hr) . 
The base case is shown at an efficiency of 40 percent and a COE of 69.3 
mills/kW-hr. The single pressurized-f luidized-bed case resulted in a reduced 
COE (about 57 mills/kW-tir) at about the same efficiency {slightly over 39 
percent) . The use of a pressurized furnace with an integrated low-Btu 
gasifier farther reduced the COE to about 50 mills/kS-hr but at a reduced 
efficiency (about 35 percent). The use of a pressurized furnace with high-Btu 
gas resulted in both high COE (about 70 mills/kfl-hr) and low efficiency (about 
20 percent). 

In general, the supercritical carbon dioxide cycle was characterized by good 
efficiency but surprisingly high COE considering views previously expressed in 
the literature, which generally assumed that cost benefits would result from 
reduced component size associated with the use of a high— density working 
fluid. Host of the high COE was due to very high capital costs ($1896/kHe for 
the base case, including contingency costs, escalation, and interest during 
construction). The major components of the prime cycle (turbogenerator, 
tur bine-purap-compressor, recuperator, and precooler) were by far the major 
contributors to the high capital cost. They represented 62 percent of the 
total direct capital cost of the base case, compared to 13 percent for the 
furnace loop components and 25 percent for the balance of plant. These costs 
are considered in more detail in a later section. 


5. 6. 2. 2 Discussion and Assessment 

5.6.2. 2.1 E ffect of primary-cycle variations . - Contrary to expectations, the 
single oostheat-cycle case studied did not result in reduced capital costs. 
The purpose of the postheat— cycle configuration is to reduce the pressure in 
<-he heater by first expanding through the power turbine, thereby alleviating 
design problems of high pressures at high temperature and reducing furnace 
costs. In actuality, the furnace costs increased slightly, apparently as a 
result of the greater heat input required at the lower efficiency. Also 
contributing to higher capital costs was an increase in power turbine costs 
due to higher inlet temperature. The total effect was an increase in the COE 
of about 4 mills/kW-hr and a reduction in overall efficiency of 0.7 percentage 
point. 
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The Eecoapression cycle and the siiple cycle are compared in fignre S.6-4» in 
which the COE is plotted as a function of overall ehetgy efficiency for four 
pump flow fractions. The simple cycle is reptesented by a pump flow fraction 
of 1.0. AS the pump flow fraction is reduced from 1.0, the overall energy 
efficiency is increased. This increased efficiency is the advantage of the 
recoapression cycle over the simple cycle. However, in spite of the^ increase 
in efficiency, COB Increases as putp flow fraction is reduced. This is due to 
the large increase in recuperatot costs Eesulting from the lower log mean 
temperature difference. 

Of the cycle operating parameters that were studied, the effect of cycle 
pressure ratio, recuperator loss pressure ratio, and teeuperator minimus 
temperature difference are of major interest and ace presented in figures 
5.6-5 and 5,6-6. Figure 5.6-5 indicates that an increase of alnost 1.5 
percentage points in effieieney can be achieved by inc tea sing the cycle 
pressure ratio fron the base-ease value of 2.7 to 3.14, with a decrease of 
about 1.5 nills/k»^hr in the GOE. Figure 5.6-6 (a) indicates the sensitivity 
of COE to vaxiatioBs in the pressure drop (loss pressure ratio) allotted to 
the recuperator, a najor cost iten. It is apparent that a large decrease in 
COE can be achieved with little penalty in efficiency by increasing the 
recupetatot pressure drop. The efficiency of the supercritical carbon dioxide 
cycle is relatively Insensitive to component ptessure drops because 

compression work is only about 20 percent of the total turbine work. 

Variations in pressure drop allotted to other conponents generally showed 
little effect on either efficiency or CGE, primarily because they were lower 
cost components. Figure 5. 6- 6 (b) shows the sensitivity of COE and overall 
energy efficiency to variations in the recuperator miniiiiuis temperature 
difference {pinch-point temperature diffeteiiGe) . The CGE is substantially 

reduced as the minimum temperature difference is iuGreased but at a somewhat 

greater penalty in effieieney than oeeutced with increases in reeuperator 
pressure drop. 

one case was studied in whiGh the turbine-inlet tenperature was increased to 
1600® F. A pressurized furnace burning high-Btu gas was used, and the 
resulting overall energy efficiency was accordingly very low because of the 
50"pencent fuel conversion effieieney* Whether it is desirable to gp to •uGh 
higher temperatures than the base-ease value of 1350® F is problematical . As 
evaluated in the study, turbine costs were very sensitive to inlet 
temperature. With fluidized- bed furnaces, furnace costs would also rise as 
the result cf decreases in mean teBperature difference between the bed 
temperature and the working fluid temperaturei 


5. 6. 2. 2. 2 Effect of f urn ace var iatio ns . - Furnace types were compared using 
Illinois *6 blTulInoliE coal. ~Th” atmospheric fluidized bed was most 
efficient, 40 persent, for the conditions used in the comparison but had the 
highest COE, 69.4 mills/kW^hr. The use of a pressurized fluidized bed peduced 
the COE tc 57.3 mills/kW-hr as a result of the additional power provided by 
the low-Gapital-coat pressurizing gas tupbine. However, efficiency decreased 
to 39,2 peteent, teflecting the lower efficiency of the gas turbine l°op» 
Stack losses were rather high because there was no bottoming cycle in vhich 
the ehecgy of the gases exhausting from the regenerator of the pressurizing 
gas turbiiie could be used, only one case was studied with a pressurized 
fluidized bed, and it is possible that sBleGtion of a different set of furnace 
loop parameters (e. g., pressure ratio and regenetatoc ef focta veness) to reduce 
the sUck losses might have resulted in a more attractive system. The lowest 
cost of eleetrieity, about 50 mills/kH-hr, was obtained for the ease vitrh a 
pressurized furirace and an integrated low-3tu gasifier. In .his 


configuration, more power was produced by the lower-cost and lower-efficiency 
combined cycle used for pressurization and steam for the gasifier than was 
produced by the supercritical carbon dioxide cycle. The result was lower COE 
but an efficiency reduced to about 35 percent. 


5. 6. 2. 2. 3 cycle modifications . - As previously mentioned, the capital costs 
of the supercritical carbon dioxide system are very high. Therefore, it is of 
interest to consider a combination of the cases studied that might reduce 
capital cost without substantially reducing the efficiency of the base case 
and therefore result in a lower cost of electricity. Examination of the 
results indicates that changes from the base case (case 1) to incorporate a 
pressurized fluidized bed instead of an atmospheric fluidized bed (case 5) , to 
increase cycle pressure ratio from 2.7 to 3,14 (case 14), and to increase the 
recuperator pressure loss ratio from 0.05 to 0.08 (case 17) would offer a 
significant reduction in COE without penalty to efficiency. Table 5,6-2 lists 
the significant parameters of each case and the parameters of the resulting 
modified case. Estimates, based on an examination of the contractor’s 
results, were made of the costs and performance of the modified case. These 
estimates indicate that the COE can be reduced from 69.4 mills/fcH-hr for the 
base case to 54,9 mills/JcK-hr while maintaining an overall efficiency at about 
40 percent. A breakdown of the costs and performance for both the base case 
and the modified case is presented in table 5.6-3, The 750-MWe total plant 
power of the modified case includes 169 HHe frcm the pressurizing gas turbine 
in the furnace Icop. 


5. 6. 2. 2. 4 Costs. - The high capital costs of the supercritical carbon dioxide 
cycle are very hitjh and warrant further examination. Approximately 86 percent 
of the COE of t-he base case is attributable to capital costs. Of the direct 
capi’-al costs, about 75 percent lies in the major components (turbogenerator, 
turbrne-compressor-pump, recuperator, precooler, furnace, and air preheaters), 
and 25 percent in the balance of plant. About 46 percent of the cost of the 
major components is attributahle to the recuperator, and about 30 percent to 
the turbogenerator. The other major contributor is the furnace at about 15 
percent , 

Because the supercritical carbon dioxide cycle was not included in the 
Westinghouse contract, component cost comparisons between the two contractors 
cannot be made. It is informative, however, to make comparisons, where 
appropriate, to similar equipment in the other closed-cycle systems studied by 

G. E. 

A comparison of base-case turbogenerator cost and weight is presented in table 
5.6-4 for the carbon dioxide, potassium topping, steam, and helium closed 
cycles. Cost and weight are presented as S/kWe, Ib/kHe, and $/lb, with kHe 
being the net electrical power. The very high cost of the carbon dioxide 
turbogenerator relative to the others is readily apparent. The cost in $/lb 
of the carbon dioxide turbogenerator, in particular, is very high. The carbon 
dioxide power turbine cost was estimated by G.E. on the basis of the cost of 
the high-pressure section of the advanced steam turbine, which was quite 
similar except that the considerably higher volume flow of the carbon dioxide 
turbine required a double flow design. They found that the cost of the 
high-pressure section of the advanced steam turbine increased very rapidly 
with increases in turbine- inle t temperature. This effect can be seen in the 
increase in estimated cost of the steam turbogenerator from S32.1/kWe for a 
1000° F unit to $93. 1/kVe for a 1200° P unit. Most of this cost is 
attributable to the high-pressure section, which produces only a relatively 
small portion of the total turbine output in a steam pouerplant. However, 
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permit substantial reductions in the costs of the supercritical carbon dioxide 
cycle components.. 

It is of interest to estimate the effect on capital cost and COE that might 
result frcm possible reductions in the cost of the two major cost components 
of the supercritical carbon dioxide cycle, the turbomachinery and recuperator, 
seduced cost estimates for these components were applied to the modified cycle 
presented in tables 5.6-2 and 5.6-3, and the effect on the capital cost and 
COE were determined. 

In considering the turhomachinery , it was assumed that the carbon dioxide 
turboaachinery can be configured in a single-shaft arrangement and that loss 
of load can be handled by low- temperature bypass valves rather than 
high-temperature valves at the turbine inlet. The carbon dioxide 
turbomachinery operates at a much higher pressure than does the closed Brayton 
cycle, but at a lower temperature. Diameters and number of compressor and 
turbine stages should be considerably less for the carbon dioxide cycle than 
for helium in the closed Brayton cycle. Onder these conditions, a specific 
cost of S70/kHe does not seem an unreasonable assumption for the supercritical 
carbon dioxide turbomachinery. This cost is applied to the supercritical 
carbon dioxide portion of the total plant output of 750 mWe. The effect of 
this assumed r> Auction in turbomachinery costs is a 19 percent reduction in 
capital cost to $1170AHe and a 16 percent reduction in COE to 46.3 
millsA**~hr . 

The conventional shell-and-tu be construction of the recuperator resulted in a 
substantial penalty from a cost standpoint. For the high pressures 
characteristic of the supercritical carbon dioxide cycle, problems related tu 
tube sheet thickness and resultant shell diameter limitations led to a large 
number of modules and high cost. If it is assumed that an innovative approach 
to the recuperator design could reduce the cost of the conventional 
shell-and-tube recuperator from $76/sguare foot of heat transfer area to 
j25/sguare foot, capital costs of the raoaified cycle {table 5.6-3) could be 
reduced 23 percent, to $111C/kWe. k corresponding reduction in COE of 19 
percent to 44.4 mills/kW-hr could be obtained. Further reduction in capital 
cost and COE could result from balance-of -plant (piping and site labor) cost 
reductions associated with the reduction in the number of recuperator modules. 
These possible cost savings were not considered, however. 

If it were possible to achieve cost reductions in both the turhomachinery and 
recuperator, as discussed, the capital cost of the supercritical carbon 
dioxide cycle could be reduced by 38 percent to about $990/kHe, and the COE 
could be reduced by 31 percent to 37.7 nills/kw-hr. 


5.6.3 Concludin g R emarks 

The results of the study show that the supercritical carbon dioxide cycle has 
a good efficiency but very high capital cost and cost of electricity, k cycle 
modified to incorporate favorable variations in the furnace type and cycle 
parameters examined in the study indicated that the GOB might be reduced to 
about 55 mills/kH-hr at an overall efficiency of 40 percent, using O.E.'s 
figures. The high COE is a result of very high capital cost components, 

primarily in the recuperator and turbine, ft contributing factor to the high 
cost of these components is probably the conventional design approach used for 
the unconventional requirements associated with the supercritical carbon 
dioxide cycle. The cycle is characterized by very high pressures at fairly 
high temperatures. For good efficiency, the cycle requires a very large 

recuperator that must accommodate differential pressures resulting from about 
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3800 psi on one side of the heat exchanger and 1400 psi on the other. 

The scope of Phase 1 of the 8CAS study did not provide for the developaent of 
innovative approaches that night overcone the design problens pecuiiar to the 
supercritical carbon dioxide cycle. It is possible that the high capxtal cost 
and COE could be substantially reduced if a more detailed design study effort 
Here devoted to the cycle. Areas for study would include 

( 1) Recuperator design study to overcome the high costs of recuperator and 
piping associated with the large number of modules resulting from tube sheet 
thickness and shell diameter limitations of a conventional shell- and- tube heat 
exchanger operating at high temperatures and high pressure differentials 

{2)TuEbinG design study to mininiize the effects on cost of nigh 
pressure and temperature and to address the problems of very high blade 
loadings resulting from extracting large amounts of power from a small turbine 

with few stages , . ■■ i. 

{3)Turbomachinery and control study to determine if a single-shart 
configuration can be used with Low-temperature bypass valves for loss-of-load 
protection to eliminate the high- temperature valves at the turbine inlet 
required in a split-shaft arrangement ... ... 

(4) Plant: and eguiprasnt layout study to miniittizs costly high“teiuperatune 

and high-pressure piping 

The capital cost and COE of the supercritical carbon dioxide plant are very 
sensitive to the costs of the cycle turboraachinery and recuperator because 
these corapenents make up a large proportion of the total plant capital costs 
(over 50 percent for the base case studied by G.K.). The effects of possible 
reductions in cost of these components that might result from the design 
efforts mentioned here were evaluated in a cursory manner. The reduced costs 
assumed tor these components considered equipment costs of other closed-cycle 
dynamic systems included in the study and were approximately one-third ^of the 
original costs. With these assumptions^ the supercritical carbon dioxide 
plant could have a COE of about 38 mills/kW-hr with an overall energy 
efficiency of about 40 percent. 

Growth possibilities in the cycle may exist in increases in turbine-inlet 
temperatures beyond 1350® F. However, the effect of carbon dioxide on 
material corrosion and physical properties at high temperatures are unknown 
and would require investigation. There is little possibility for improvement 
in efticiency through the introduction of a bottoming cycle, in contrast to 
the closed Brayton cycle, however, because of the low temperature of the gas 
leaving the recuperator and entering the precooler. 
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TABLE 5.6-1. - PARAMETRIC VARIATIONS I’SED WITH Sl'PERCRITICAL CARBON BIOXIDE SYSTEMS 


[Underlined paiumelers denote base-case condilion.s or emphasis. 


Furaace type 


Prime cycle; 

Turbine-inlet tomoemlure, '^F 

Compressor press ire ratio 

Recuperator pressure loss ratio. AP/P . . . . 
Prlmaiy-hciit-exchunger pro.ssiirc diflcrence. 
Precooler pressure difference. AP, psi . - . . 
Pump flow fraction . 

Compressor-inlet temperature, 

Cycle variation 

Heat rejection method 

Recuperator minimum temperature difference 
Turbine efficiency 

Furaace pressurizing air supply: 

Excess air, percent of stoichiometric .... 
Pressure ratio 


Illinois i-(i biUinvlnoiis ; Montana subbituminous; 
Nortli DaltoUi lignite 

Atmos;ihcric fluidized bed : rcgencvalive pres- 
surized Iluidized bed; pressurized luraaco 
witli integrated low-Btii gasifier; pressurized 
furnace with liigh-Blu gasifier 


12U0; KVoO ; 1600 

2.0: 2.7 ; :5,1‘1 

0.02; 0.05 ; 0.08 

20; GO; 140 

8; 1^; 24 

0.6; 0,7 ; 0.8; 0.9; l.O (simple cycle) 

40; 80; 115 

. . Simple; recompression ; postheat 
Wet cooling tower-, dry cooling tower 

10 ;.^; 20 

0.80; 0.85; 0. 90 

10; 1.5; 20 


Turbine-inlet temperature. °F 1200; 1600; 1750; 1800 


Regenerator effectiveness 



TABLK 5.G-2. - MODIFICATIONS TO SUP CRCRITICAL-CARBON-DIOXIDE-SYSTEM BASE CASE 


Pa rametcT 


Furnace type 
Prime cycle; 

o,. 

Turbine- inlet temperatui'e. f 
Compressor pressure ratio 
Pump Row fraction 

Recuperator pressure loss ratio. AP/P 
Recuperator minimum temperature 
difference. AT, °F 

Furaace pi'essurizing air supply; 

Excess air. percent 
Pressui’e ratio 

O 

Turbine-inlet temperature, i' 
Regenerator effectiveness 

Overall energy efficiency 
Cost of electricity, mills/k\V-hr 


General Electric case 


NASA modified 


1 (base) 



■'Atmospheric fluidized bed. 
'^Regenerative pressurized fluidized bed. 
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TABLE 5.G-3. - COST BREAKDO\W FOR SUPERCRITICAL CARBON 

DIOXIDE CYCLE 


Component 


Pi’ime cycle: 

CO, turbogenerator 

CO, turblne-pump-compressor 

Recupei’ator 

Precooler 

P i-imary heat input and fuel system: 
Furnace modules 
High-tempeititure air preheater 
Low-temperature air preheater 
Pi’essurizing gas turbine system 
(compressor-gene rato r-heat 
exchanger) 

Total costs for major components 

Balance of plant: 

Cooling tower 
All other 
Site labor 

Total direct costs 

I Total capital costs 

Capital cost, $/kWe 

Overall enei^gj' efficiency 

Cost of electricity. mills/kW-hr: 
Capital 
Fuel 

Operation and maintenance 


General Electric 

NASA modified 

case 1 (base) 

case 

Total plant net power, MWe 

566 

750 

Cost, millions of dollars 

363.0 

330.9 

130.0 

127.0 

20,6 

24.0 

202.4 

168.0 

10.0 

11.9 

76.2 

107.4 

67.0 

79.3 

7.1 


2.1 



28.1, 

439.2 

438.3 

150.3 

155.4 

1.9 

1.9 

115.9 

117.3 

32.5 

36.2 

589.4 

593.7 

1073.0 

1080.9 

1896 

1441 

0.40 

0.40 

69.4 

54.9 

60.0 

45.6 

7.3 

7.3 

2.2 

2.0 


X5i 










table 5.6-4. - TURBOGENERATOR COST COMPARISONS 



Cost 

S/kWe 

lb/k\Ve 

S/lb 

CO, turbogenerator (1350° F) 

22S 

2.8 

81.5 

Potassium turbogenerator (1400° F> 

145 

8.3 

IG. 5 

Steam turbogenerator (3500 psi/l200° F/1000° 

93 

8.7 


Steam turbogenerator (3500 psi/l000° F/1000° F) 

32 

6.7 


Helium turbine-compi’essor-generator (1500° F) 

53 

-1.9 





152 









Figure 5.6-1, - Schematic diagram of supercritical carbon dioxide cycle tracompression cycle). 
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Figure 5.6-3. • Overview of study results for supercriticdl tdibcm diOKide cytle 
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Cost of electricity, milIsfkW-hr 



Figure 5. 6-5. • Effect of cycle pressure ratio. 
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5.7 LIQUID-METAL RANKINE CYCLE 
by Donald C. Guentect 

Liquid-metal Rankine cycle pouerplants have been considered as topping cycles 
for steam plants, because liquid metal has more favorable pressure-temperature 
characteristics and thermodynamic efficiency potential at elevated 
temperatures than steam. Previous studies of potassium topping plants 

rejecting heat to a steam bottoming plant (refs. 8 to 10) have indicated a 
potential for high efficiency at competitive costs of electricity. The 

liquid- metal Rankine topping cycle (also termed metal vapor Rankine) was 
therefore included as one of the systems for study in EGAS Phase 1. 

5.7.1 Scope of Analysi s 

Under EGAS Phase 1, both the General Electric Company and Hestinghouse 
conducted performance analyses and cost estimates of liquid-metal topping 
cycles. General Electric studied a total of 16 cases and Hestinghouse a total 
of 50. Three types of furnace/boilers were explored. They included the 
atmospheric fluidized bed (AFD) , the pressurized furnace (PF) , and the 
pressurized fluidized bed (PFP). The fuel for the pressurized furnace was 
either low-Btu gas produced in a coal gasifier integrated with the power 
system or a high-Btu gas or liquid produced in a free-standing gasification or 
liquefaction plant, A simplified schematic diagram of the potassium topping 
plant with an AFB is shown in figure 5.7-1. Figures 5.7-2 and 5.7 3 are 
schematic diagrams of the pressurized furnace systems with integrated low-Btu 
gasifiers that were used by G.E. and Hestinghouse, respectively. Figure 5.7-« 
presents a simplified schematic diagram of the PFB system, with two methods of 
turbine exhaust heat recovery indicated with dashed lines. 

Table 5.7-1 presents a listing of the number of cases analyzed by the two 
contractors for each furnace/boiler concept. General Electric emphasized the 
use of the AFB in their study, whereas Mestinghouse emphasipd the PFB. Table 

5.7- 2 displays the ranges of conditions and other variations that were 
investigated by each company. Base case values for each contractor are 
underlined. Westinghouse studied two base cases, case 1 for the PFB and case 
4 for the PF with an integrated low-Btu gasifier. The cycle conditions shown 
in table 5.7-2 were in many cases not independently varied. Hestinghouse, for 
example, in exploring the effect of an increase in potassium turbine- inlet 
temperature, simultaneously increased the potassium condenser temperature by 
the same temperature increment. The larger number of points covered^ by 
Westinghouse permitted them to explore a greater range of cycle conditions 
than G.E. 

5.7.2 Results of A nalysis 
5.7. 2.1 Overall Comparison 

Figures 5.7-5 and 5.7-6 present the overall efficiencies and costs of 
electricity (" ''I obtained by G.E. and Hestinghouse, respectively. Figure 

5.7- 5 indicate /erall efficiencies for the majority of the cases studied by 

G.E. of between 34 and 41 percent, with costs of electricity between 40 and 53 
mills/kH-hr. Two pressuri zed-furnace cases with high-Btu gas had much lower 
efficiencies (between 20 and 22 percent) because of the 50 percent efficiency 
of the high-Btu qa sificdtion process. The Hestinghouse results generally 
indicated higher efficiencies and lower costs of electricity than those of 
G.E, Figure 5.7-6 shows overall efficiencies ranging between 35 and 45 
percent, with costs of electricity between 29 and 37 mills/kH-hr. 
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Table ■i.7-3 presents the oaerall efficiencies a»a and 

reptesentatltS potassin. and cesin. po.etplants, as ebtained by ‘f 

S the Lsel sho«n in the table have liquia-metal turbine-inlet and 

liquid-metal condensing temperatures of 1h00° and 1100° F, 5*7-3 

iisSlssion and comparison of the representative results of table 5.7 3 

follows. 

5. 7. 2. 2 Discussion and Assessment 

q 7 2 2.1 overall enerq£ e fficiency . - In general, the efficiencies estimated 
hv *R*E were lower than those reported by Kostinghouse . Although ^ 
difficult to make direct comparisons between the two 

because no two ^studj^^^'cne^' of '"theL'^^ff eSrall the potassium cases 

ctudierL ,aryin“ d,;r;.= ic a tnsnU of a high racircnlation t,«n used 

by G.E. in the potassium boiler. 

r p furnace desiqn was done by Foster Wheeler and consisted of nuiltiFle 

IfHffFfosfnrLl'baTi^ 

III 

ffSh\-„%'oTf\'fb,dn%^rfypl^ 

‘hSgh“pLsL°“heaSn’.nd high rncircnlatioh flo. rnsnlfad “ 

and high pump costs (57 MKe and $36.4x10^, J the AFB f-a^el 

it The effLt on efficiency was about 2 percentage points for the AFB 

1). The errecx on i and about 0.3 percentage point 

correspondingly low pump power and negligible effect on efficiency. 

The ».ati„ghobcc PJB f urnaca/boiler 

ILfrc"aJlon’“rSo‘ ..a 2.^ »ith conccgbcnt ..ty lo» P«»Pl»9 P"”"' 

inininium impact on plant efficiency, 

...liorated by th. a«tro.a -- ’elafion bataeap oriflc.l 

11 ? 

n Lrv little recirculation flow would be required. A different 

?e"asSrfo‘-b“^«I?fn\ --”“FS\“d“o.“4:aUty rt hr^boUai^ 

ll.it oottoalob ih tha i°a$irculat'ion that right ba ra, birad Ir 

bSrt;. rhi/fi'.e!’i;bJJ? is ut.l, that raciroblatio. ratio. sub.tah.laU, 
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lower than those used in the G.E. study can be used. Recirculation pumping 
power would then have only a minor impact on the overall system efficiency. 

The G.E. study emphasized analysis of the potassium topping cycle's 
performance with an AFB. The G.E. analysis indicated an overall energy 
efficiency cf 38.9 percent for this system. As noted, this efficiency 
includes a penalty of about 2 percentage points for the recirculating pump 
power. 

For the PF cases with iow-Btu gasifiers in table 5.7-3, G.E. calculated an 
overall efficiency for the potassium system of 35.1 percent. Westinghouse 
calculations indicated an efficiency of hO.9 percent. A small part of this 
difference (about 0.3 percentage point) can be attributed to the greater 
recirculation pump power of the G.E. cases. The remainder can be attributed 
to two factors. The first relates to the difference in the gasifiers used by 
the two contractors. The G.E. gasifier is a fixed-bed gasifier with cold-gas 
cleanup with its resulting losses and Tequires twice the amount of steam 
required by the Westinghouse gasifier, which is a f luidized-bed gasifier with 
hot-gas cleanup. The second is the difference in approach used by the two 
contractors in integrating the low-Btu gasifier into the power generation 
system. General Electric used all of the available energy in the gas turbine 
exhaust to raise steam, only a part of which was used for the gasifier, the 
remainder being used for generating electric power (see fig. 5.7-2). In 
effect, G.F.'s PF cases can be viewed as comprising two parallel combined or 
topping cycles, a gas turbine/steam turbine cycle and a potassium 
turbine/steam turbine cycle. This arrangement resulted in about half of the 
total plant output (about 1200 MVe of the 2400 HHe) being generated by the 
steam- and gas-turbine-driven generators in the furnace pressurizing loop for 
the low-Btu EF cases studied by G.E. Westinghouse, on the ether hand, used 
only enough cf the gas turbine exhaust to raise the steam required for the 
gasifier and used the remainder for feedwater heating in the steam plant 
bottoming the liquid-metal topping plant (see fig. 5.7-3). Thus, the 
Westinghouse approach used as much of the available gas turbine exhaust energy 
as possible in the higher efficiency steam cycle bottoming the liquid-metal 
topping cycle. In the G.E. approach, a large portion of the gas turbine 

exhaust energy went into the lower efficiency steam cycle bottoming the gas 
turbine. 

General Electric calculated the efficiency of the PFB case that it analyzed as 
39.6 percent (case 9). For this case, G.E. recuperated the compressor 
discharge and turbine exhaust steam (see fig. 5.7-4) . The compressor exit 
temperature of over 600“ F (resulting from a pressure ratio of 10), however, 
limits the amount of turbine exhaust energy that can be recovered in this 
manner. Stack-gas temperatures of perhaps 650“ F result with correspondingly 
high stack-gas losses. Westinghouse analyzed many PFB cases, including cases 
with no heat recovery from the gas turbine exhaust, recuperation in the gas 
turbine exhaust, and the use of gas economizing or gas feedwater heating for 
energy recovery from the gas turbine exhaust. The latter approach used gas 
turbine exhaust energy to heat feedwater in the steam plant bottoming the 
liquid-metal turbine. With a lower sink temperature in this case, stack-gas 
temperature could be reduced to the normal 250“ to 300“ F temperature range, 
with consequent improved efficiency. For case 49, using gas feedwater 
heating, Westinghouse calculated an efficiency of 42,4 percent as compared 
with the value of 39.6 percent calculated by G.E. for their recuperated case. 
This difference is due to higher recirculation pump power and higher stack 
losses in the G.E, configurations. For the PFB cases in general, the 
pressurizing gas turbine in the furnace loop produced about 20 percent of the 
total plant power. The steam turbine contributed the major portion of the 
total power (about 65 percent), while the potassium turbine produced about 
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15 percent. 


Only small differences in efficiency resulted from the use of cesium as a 
working fluid in place of potassium. General Electric showed a 
1.9-percentage-point increase in efficiency with cesium at the same cycle 
temperatures as potassium. Howeverr this difference was due almost entirely 
to reduced recirculation pumping power with the cesium and would essentially 
disappear with a decrease in potassium recirculation ratio discussed 
previously. General Electric did show, however, a small increase in 
efficiency (about 0.7 point) when advantage was taken of cesium properties by 
reducing the condensing temperature of the topping cycle from 1100° F to 1000° 
F with a corresponding reduction in the steam bottoming plant throttle and 
reheat temperatures from 1000° F to 950° F. 

Hestinghouse examined considerably more parametric points than did G.E. 
However, even here, parameters were varied from the base cases, and combined 
effects were generally not examined. Hestinghouse considered variations in 
compressor pressure ratio and gas-turbine-inlet temperature for the PFB, but 
these variations were made on the base case, which did not incorporate any 
heat recovery in the gas turbine exhaust. Under these conditions, with 
stack-gas temperatures increasing with the turbine-inlet temperature, 
efficiency decreased with increasing turbine-inlet temperature. However, 
comparison of two cases (cases 13 and 49) in which gas feedwater heating was 
used to recover energy in the gas turbine exhaust shows an increasing 
efficiency with increase in gas-turbine-inlet temperature. In a similar 
manner, the effect of gas turbine pressure ratio was examined with no gas 
turbine exhaust heat recovery. The effect of recuperator effectiveness was 
examined only at a pressure ratio of 15 in those cases using a recuperator for 
exhaust heat recovery. Very little recuperation is possible at a pressure 
ratio of 15 because of the high compressor discharge temperatures. Pressure 
ratios for best efficiency will be considerably less than 15 when using 
recuperation for exhaust heat recovery. 

The points mentioned here are made to indicate only that the contractors were 
not able tc conduct sufficiently complete parametric studies within the scope 
of Phase 1 so as to arrive at an "optimizedw system. However, sufficient 
information was generated to suggest that the best efficiency will be obtained 
for a PFB case with gas turbine exhaust heat recovery to the feedwater heating 
system of the steam plant. It was shown that increped efficiency and reduced 
COE could be obtained with an increase in gas- turbine- inlet temperature from 
1600° F to 1800° F, although the effect of the higher temperature on gas 
turbine corrosion and the sulfur removal capability of the bed would have to 
be considered. With potassium recirculation ratios at values resulting^ in 
small recirculation pump power and cycle parameters more completely optimized 
than could be done in the Phase 1 study, overall energy efficiencies 
approaching 45 percent might be obtained, h configuration similar to this 
will be examined by G.E. in more detail in Phase 2. 

5.7. 2.2.2 cost of alectricitv . - The costs of electricity for the 
l^epEesentative cases of table 5.7 — 3 varied from a low of 29.6 mxlls/kH— hr for 
a Hestinghouse case with a PFB to a high of 48.3 mills/kH-hr for a G.E. case 
with an AFB. The Hestinghouse estimates are substantially lower than those 
reported by G.E. Both contractors found the PFB potassium topping plant to be 
highest in efficiency and lowest in cost of electricity. For this reason, the 
discussion and comparisons of cost of electricity will be limited to this 
system concept. 

Table 5,7-4 presents a detailed comparison of the capital costs and COE for a 
PFB case studied by each contractor. The G.E. PFB case is case 9. It has a 
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potassium topping cycle operating at 1400° F boiling temperature and I^OQo F 
condensing temperature. The steam bottoming cycle is a 3500 psx/1000 
F cycle with a condensing pressure o£ 1.5 inches of Hg. The furnace 
preLurizing system operates at a turbine-inlet temperature of 1600° ^ and a 
pressure ratio of 10 and uses a 0.85 effectiveness recuperator <o Recover 
turbine exhaust heat for air preheat. The «e=tinghouse case is case 49. The 
potassium cycle is the same as that of G.E. The steam bottoming cycle as also 
a 3500 psi/1000° F/1000° F cycle, but it has a condensing pressure of 3.5 
inches of Hg. The furnace pressurizing system operates at a turbine- inlet 
temperature of 1600° F and a pressure ratio of 15. Gas turbine e^aust 
energy, however, is used in steam plant feedwater heating as opposed to 

recuperation in G.E.'s case. 

The first two columns in table 5.7-4 present the actual costs obtained by the 
two contractors. As discussed previously, the G.E. case has an efficiency 
that is almost 3 percentage points lower than that of Uestinghouse. This 

difference can be attributed to the higher recirculation pump power and the 

higher stack losses resulting from the use of recuperation for gas turbine 

exhaust heat recovery in the case of G.E. The third column attempts to 

approximately adjust the G.E. values to show what their costs would be a 

configuration similar to that of Westinghouse, and with the same efficiency. 
To do this, the fur nace/boiler pump costs were first reduced to account for 
the reduction in recirculation pump requirements. All component, 
balance-o£-plant, and site labor costs in dcllar/kWe were then decreased by 
the ratio 0.396/0.424 to reflect the higher power output resulting 
higher efficiency. (The G.E, recuperator would be replaced by a gas feedwater 
helter, which is assumed to be approximately equal in cost.) cost of 
electricity was also adjusted to reflect reduced capital charges and fuel 
costs resulting from the higher efficiency. 

The adjusted value of COE is 35.8 mills/kH-hr. The difference between this 
value and the westinghouse estimate of 29.6 aills/kH-hr is due primarily 
lower estimates by Westinghouse of furnace/boiler, balance-of- plant, 
contingency, and opera ting-and-maintenance costs as compared wip G.E. The 
S?ference"in escalation aid interest costs primarily reflects the ^^^erences 
in major component and other direct costs, as the escalation and interest 
rates^ were specified by NASA to both contractors. A discussion of the 
procedures and factors used by each cori-tactor in arriving at capital costs 
from the direct costs is presented in section 5.1 of this report. 

The balance-of-plant and site labr»r costs reflect the costs associated with 
installing the najot components and purchasing and installing the remaining 
portions of the plant. Although the sums of these two accounts are similar 
($211.6/kWe for G.E. and $220.1/kWe for Westinghouse , Westinghouse estimates 
for site labor costs ate higher ($83.0/kWe against $46. 0/kWe for G.E,), while 
G.E.'s balance-of-plant estimates ate higher. Westinghouse may tave estimated 
more field construction of their furnace/boiler and liguid-metal 
condenser/steao generator. General Electric, on the other hand, incited much 
of the liquid- raeta 1- piping costs in balance-of-plant costs, but Westinghouse 
included these costs in the major components category. 

The difference in major component costs between the two contractors (about 
$60/kWe) is attributable primarily to the furnace/boiler. This difference in 
furnace/boiler costs apparently results from the use of a less expensive 
material by Westinghouse (Incoloy 800 as compared with Hptelloy * “sed by 
G.E.) and from the different design approach noted previously. The difference 
in the other direct costs is due to the inclusion of liguid-metal piping in 
this category by Westinghouse; G.E. accounted for the costs of this piping in 
their balance-of-plant costs. 
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Table 5.7-5 presents cost estimates for a comparable PFB plant analyzed inthe 
'lASA.-OCR study reoorted in reference 8, The first column lists the original 
costs presented in that report, except that the fuel costs have been increased 
to reflect the subsequent revision by the author of reference ® 
efficiency calculations to account for higher heat losses than °^^^inally 
estimated*. The revised efficiency is 45 percent. The second column, labeled 
«'scAS equivalent costs," presents the estimates of costs and COE of reference 
S^^but revised to put them on a comparable basis with the ECAS study. 
the costs in the first column were increased by 20 percent to account for 
i?,?la?io^ f?c. .id-1972, the basis tor th. astl.ates af ctataaos a, to 
mid -1874, the basis used in ECAS. In addition, a contingency rate of 20 
percent of the maior components, balance- of- plant, and site labor costs was 
IkliZ a rate equal to" that used by G.S. in ECAS. Escalation and interest 
costs were compiled by the same formulas specified by NASA and “sed by the two 
ECAS contractors. A fuel cost of S0.B5 per million Btu and a capacity ^ 

of 0.65 were used to derive the total COE, instead of the values of $0.40 and 
0.80, respectively, that were originally assumed. An additional adjustment 
was made to the furnace/boiler cost to reflect the replacement of the 304 
stainless steel heat transfer bundle with one made of a high- temperature 
superalloy, such as HA-188. In the study of reference 8, it was reported that 
304 stainless steel was substituted for HA-188 at a savings of about $50 
million for a PFB with a potassium boiling temperature of 1400° F. However, 
it is questionable whether 304 stainless steel would be adequate for this 
anplication. Neither contractor considered it in the ECAS study. As noted 
previously, Westinghouse used Incoloy 800, while G. E. used Hastelloy X, an 
Llov onira little less expensive than HA-188. A sum of $50 million, or 
$42.7/fcWe, was accordingly added to the f urnace/boiler cost. Finally, the 
costs were adjusted to the same efficiency value of 42.4 percent that was used 
in table These adjusted cost.s ara listed in the thxrd column of table 

5.7-5 and are close to the G.E. adjusted cost of the ECAS study listed in 
table 5.7-4. 

Kestinqhouse case 49 has been used in the preceding cost comparison with 


G.E.'s case 9 because of their comparable cycle conditions. 


qas-turhine-inlet temperature was 1600° F for this case. However, the 
performance in both overall efficiency and cost of electricity was obtained by 
wSstiiighouse for a gas-turbine-inlet temperature of 1800° F by using gas 
feedwater heating for turbine exhaust heat recovery (case 13). The efficiency 
and cost of electricity for this case were found to be 43.4 percent and 28.6 
iJllsAH-fr, respectivLy. case 13 incorporated a 3500 psi/1000° F steam 
bottoming plant with no reheat. A similar case with a reheat steam bottoming 
plant was not examined, but such a case would probably have an efficiency 
fsomewhat ovfJE 44 percent and a GOE of perhaps 28 mills/kW-hr • 

The Westinghouse estimate of operating-and-maintenance costs is considerably 
lower than G.E.'s estimate. On the other hand, this is counterbalanced by a 
hiqher cost for interest and escalation because of the Hestinghouse estimate 
ot 6.5 years for the construction time, 6 months longer than estimated by G.E, 
Recognizing the differences in the cost estimates of the two contractors, the 
cost of electricity for a 45 -percent- efficient potassium vapor topping cycle 
may be between 28 and 35 mills/kN— hr. 

5. 7. 2. 2. 3 fl orlci nq flu id. - The G.E. results show that the thermodynamic 
efficiency of a~ cesium topping plant operating between a turbine- inlet 
temperature of 1400° F and a condensing temperature of 1100° F is the same as 
that of a corresponding potassium plant (51.4 percent). However, the overall 
plant efficiency of the cesium system exceeds that of the potassium system by 
about 2 percentage points (40.8 against 38.9). This difference is 
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attributable prirairiLy to the much lower recirculation pumping power estimated 
by G.E. for the cesium boiler. Westinghouse found little difference in plant 
efficiencies between systems using the two working fluids. Cesium^ can be 
expand&d to lower temperatures than potassium while still maintaining 
reasonable duct and turbine exhaust sizes. General Electric analyzed the case 
of a cesium plant operating with a 1400° F turbine-inlet temperature and a 
1000° F condensing temperature {case 17) . The resulting overall plant 
efficiency was 41.5 percent, only 0.7 percentage point higher than the same 
plant condensing at 1100° F (case 18). The G.E. results suggest that a cesium 
AFB system would have a COE about 10 percent lower than the equivalent 
potassium cycle. This reduction in COF is due to the lower recirculating pump 
power, the lower costs of recirculating pumps, and the lower cost of the 
liguid-metal turbine. The major cost difference, however, is associated with 
the reduced pumping power and pump costs. Consequently, if the recirculation 
requirement for the potassium system were reduced, little cost savings could 
accrue to the cesium plant. ?.s shown in table 5.7-3, Westinghouse estimated a 
higher COE for cesium systems than for potassium plants. 

Research and development costs for a cesium topping plant would be 
considerably higher than for a potassium plant, because substantially less 
technology exists for cesium (e.g,, ref. 13). In addition, cesium today is 
substantially more costly than potassium, by a factor of 10 or more. This 
cost differential, however, would probably shrink with increase in demand and 
could be small by the rime cesium topping plants would cnme into significant 
commercial use. Nevertheless, during the early phases of a research and 
development program, the higher cesium cost'^ would represent an important 
penalty. 

cesium, however, offers the benefit of smaller and lower cost turbomachinery. 
Fraas of ORNL has called attention to other, more subtle benefits of cesium. 
These relate to a reduction of the potential for creep buckling within the 
pressurized-fluidiz ed-bed boiler and to an easing of operating and maintenance 
problems. The impact of these beneEits is difficult to quantify. 

In light of the preceding discussion, potassium is considered the preferred 
working fluid for study or the liquid- metal topping cycles in Phase 2. 

5.7.3 concluding Remarks 

The results of the parametric studies performed by the two contractors in 
Phase 1 indicate that the most promising configuration, in terms of overall 
energy efficiency and cost of electricity, is the pressurized-f luidized-bed 
system. It is estimated that an overall energy efficiency approaching 45 
percent can be achieved with this configuration burning Illinois #6 coal, 
assuming a potassium cycle operating between a 1400° F boiling temperature and 
an 1100° F condensing temperature and a pressurizing gas-turbine- inlet 
temperature near 1800° F. Exhaust heat recovery from the pressurizing gas 
turbine would be in the form of feedwater heating to the 3500 psi/1000° 

F/100Q° F steam bottoming cycle. The cost of electricity for such a plant is 
estimated at about 28 mills/kH-hr using Westinghouse cost estimates or about 
35 mills/kW-hr using G.E. cost estimates adjusted to reflect the higher 
efficiency of the proposed configuration. A configuration similar to this 
will be examined in more detail by G.E. in Phase 2, and better estimates of 
efficiency and COS will be obtained. 

A potential problem for the pressurized- fluidized-bed furnace concept, common 
to all plants using a pressurized-f luidized bed, lies in the possible 
corrosion and erosion of the pressurizing gas turbine blaiies because of 
particulates and contaminants in the hot gases from the 
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Dcessurized-fluidized-bed furnace. It is not Vaown at this time how severe 
p^oblL will be. in the event that it proves to be very 
nressLized furnace with an integrated gasifier can be used. However, 
efficiency would be reduced because of losses inv the gasification process and 
COE“ou;ri.cr..s.. It 1= .sti.at.d thdt the reduction "" f 
about 3 percentage points and the increase in COE about_ 3 mills/fcW hr. 
Another possibility, not examined in this study, is proposed in reference 1U. 
In this concept, the pressurizing gas turbine operates at a reduced 

temperature {about 1000° F) on the furnace gases that have been previously 
reSaJed to the combustion air and provides only enough PO^^r for 
prLsurizing the f 1 uidized-bed furnace to about 2 atmospheres. The use of 
pressurized furnace burning a clean high-Btu fuel obtained fr m 

free-standing liquefaction or gasification plant is not attractive because of 
the low fuel conversion efficiency and high fuel costs. 

cesium does not appear to offer a sufficient performance advantage oyer 
?c tor Ih. .uch .ore .S.auced atal. of 

technology. This, coupled with much higher cesium costs, would result in much 
higher costs for the development of a cesium plant. 

improvements in performance of the potassium topping cycle with a 

prLsurized-fluidized-bed furnace could be 

turbine-inlet temperatures while maintaining an 1100° . condensing 

Jemperature. Using higher potassium-turbine-inlet 

i-iihp materials that are resistant at metal temperatures of 1500 ^ 

higher »-o the fire-side corrosion of a fluidized bed on one side and hot 

potassium on the other, (2) higher strength of thise 

develonment of fabrication techniques for large turbine disxs of 
materials^ and (3) development of materials fcr the pressurizing gas turbin^ 
that are resistant at the higher temperatures to the corrosive and erosive 
effects of ~the particulates and contaminants in the gas from the pressurized 
fluidized bed. 
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TABLE 5.7-1. - El’RNACE/BOILER VARIATIONS FOR LIQLTD- 
METAL RANKINE TOPPING CTi’CLE 



^^Integrated gasifier. 


TABLE 5.7-2. - RANGE OF CONDITIONS INVESTIGATED 


[UndeiTined values denote base-case conditions.] 



Geneial Electric 

Westinghouse 

Furnace type 

AFB, PFB. PF 

PFB, PF 

Liquid-metal cycle: 



Fluids 

Potassium, cesium 

Potassium, cesium 

Turbine-inlet temperature, °F 

1400, 1500, 1700 

1400, 1500, 1600 

Condensing temperature, 

1000, 1100 

HOP. 1200, 1300 

Boiler I'ecirculation ratio 

18 to W 

1. 2^ 

Gas-turbine cycle: 



Pressure ratio 

8, 10 

5, 10, 15 

Air equivalence ratio 

1.10, 1.15, 1.20 

1.2. 2.0, 3.0 

Turbine-inlet temperature, °F 

1600, 1750, 1800 

1600, 1700, 1800 

steam cycle; 



Turbine-inlet temperature, °F 

950, 1000 

1000, 1100, 1200 

Turbine-inlet pressure, psia 

3500 

2400, 3500 

Condensing pressure, in. of Hg 

1.5. 1.9 

2, 9 

Reheat temperature, °F 

950. 1000 

1000, 1100, 1200 

Cooling tower 

Wet, dry 

Wet, dry 

Otlier variations: 


Yes*^ 

Gas-heated economizer 

No 

Gas feedwater heating 

No 

Yes*^ 

Gas-turbine recuperator 

Yes^ 

Yes°- 

Power level, MWe 

1000 to 2500 

GOO, 900, 1200, 1500, IGOO 


*'Noiic used for base cases. 
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TABLE 5.7-3. - REPRESENTATIVE RESULTS FOR LIQI’ID-METAL 

rankine topping cycles 


fLiquid-nietul turbine- inlet temperature, 1400° Fj litiuicl-meUil 
condensing temperature, 1100° F. Numbev.s in parentheses 

are contractor case numbers.] 



General Electric 

W’estinghousc 


Pohissiuni 

Cesium 

poUissium j 

Cesium 

Ovei-all energj' efClci 

jncy. perc 

jnl 


Atmospheric fluidized bed 

Pressurized furnace; 
Low-Btu fuel^ 

High-Btu fuel 

Pressurized flu zed bed 

38.9 (1) 

35.1 H) 
20.5 (7) 

39. 6 (9) 

40.8 (18) 
— 

40. 9 (14) 
42.4 (49) 

42. 9 (40) 

Cost 0 

f electricity. 

mills/kW- 

-hr 


Atmospheric fluidized bed 

Pi’essui'ized furnace: 
Low-Btu fuel^ 

48.3 (1) 
39. 9 (41 

44.4 118) 

32 . 9 (14) 


Higii-Btu fuel 
Pressurized Quidized bed 

45.3 (71 
39. C (9) 


1 29.0 (49) 

30.5 (4(i) 


°IntegrateU gasifier. 
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TABLE 5.7-4. - COST COMPARISONS OF PRESSURIZEB-FLLTDIZED-BED 
POTASSIUM TOPPING CYCLE 



General Electric 
case 9 
(tj = 0.396) 

Westinghouse 
case 49 
(7j 0.424> 

General Electric 
case 9 
(adjusted to 
t( - 0.424) 

Capital cost, S/UWe 

Major components: 

240.7 

158.4 

202.3 

Fumace/boiler 

144.4 

53.2 

^112.4 

Potassium turbogenerator 

29. 9 

21.1 

27.9 

Condenser/steam generator 

2.2 

9.2 

2.1 

Steam turbogenerator 

20.8 

22.4 

19.4 

Gas turbine/compressor/ 

37.3 

26.7 

34.8 

generator 




Other (pumps, dump tanl<. 

6.1 

25.8 

5.7 

etc.) 




Other direct costs: 

319.9 

256.2 

294.4 

Balance of plant 

177.3 

137.1 

165.6 

Site labor 

49,2 

83.0 

46.0 

Contingency 

93.4 

29.1 

82.8 

Escalation and interest 

357.9 

252.4 

317.1 

Total 

918.5 

667.0 

813.8 

Cost of electricity, mills/kW-hr 

Capital costs 

29.0 

21.1 

25.7 

Operating and maintenance costs 

3.3 

1.7 

3.3 

Fuel costs 

7.3 

0.8 

6.8 

Total 

3u. 6 

29.6 

35.8 


^Includes reclucUoii in I’ccirculution pump costs. 
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table 5.7-5. - RESULTS OF NASA/OCR TOPPING CYCLE STUDY; (REF. 8) 



Ori^nal estimates 
(tj = 0.45) 

EGAS equivalent 
costs 

ECAS equivalent 
costs adjusted to 
TJ = 0.424 

Capital costs, ^/kWe 


Major components: 

138.6 

217.6 

230.9 

Fumace/boiler 

^48.6 

109.6 

116.3 

Potassium turbogenerator 

20.2 

24.2 

25.7 

Condenser/ steam generator 

4.5 

5.4 

5.7 

Steam turbogenerator 

32.2 

38.6 

41.0 

Gas turbine/compressor/ 

28.8 

34.6 

36.7 

generator 




Other (pumps, dump tank. 

4.3 

5.2 

5. 5 

etc.) 




Other direct costs: 

166.5 

27 a, 0 

289.7 

I 

Balance of plant 

llGG. 5 

ll99.8 

Ul2.0 

Site labor 

J 

j 

J 

Contingency 

0 

73.2 

77.7 

Escalation and interest 

24.1 

313.2 

332.4 

Total 

329.2 

803.8 

853.0 

Cost of electricity, miUs/kW-hr 


Capital costs 

bs.i 

25.4 

27.0 

Operation and maintenance costs 

1.2 

1.4 

1.4 

Fuel costs 

'^S.O 

6.4 

6.8 

Total 

9.3 

33.2 

35.2 


*^Type 304 stainless-steel heat transfer bundle. 
*^Capacity factor, 0.8. 

'^Fuel cost, ?0.40/MBtu. 
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5.8 OPEN-CYCLE KAGNETOH YDROD YNAHIC SYSTEMS 

by George R. Seikel, James A. Burkhart, and Raymond K. Burns 


This section and the following two sections, 5.9 and 5.10, summarize the ECRS 
results for open-cycle, closed-cycle, and liquid-metal raagnetohydrodynaaic 
(MHD) systems, respectively. This open-cycle MHD section also contains a 
subsection, 5.8.5 Common MHD Components , which discusses components that are 
common to more than one” type of MHD system; inverters, magnets, and 
hiqh-teaperature refractory heat exchangers. Other aspects of the MHD system 
are treated in the materials section of this report and various other pneral 
sections. The following discussion provides an introduction and background 
for the ECAS study of the various types of MHD powerplants. 


5.8.1 MHD Powerplants 

Magnetohydrodynamic generators produce electric power by passing a 
high-velocity conducting fluid through a strong magnetic field. 
conducting fluid may be either a conducting gas, a plasma, or a liquid ®etal. 
Two types of plasma MHD systems have been studied as part of ECAS, The 
simplest of these in concept is the open-cycle MHD system. In it an 
alkali- metal compound is added directly to very high-temperature combustion 
products and used as the MHD generator fluid. The other plasma Mp pprator 
system is closed-cycle MHD, in which a very pure inpt gas is raipd to high 
temperature in a heat-exchanger system and seeded with a pure alkali -metal to 
produce the MHD generator fluid. The interest in closed-cycle systep stems 
from the fact that, if the working fluid can be kept sufficiently 
equivalent conductivities of the working fluids can be obtained at only 3000 
F compared with approximately 4500® F for the open-cycle systems. 

Two types of liguid-raetal MHD (LMMHD) systems have also been proposed. In 
both, a mixture of a liquid metal and a gas is raised to a high temperature 
and expanded to high velocity in a nozzle as a foamlike s^stance. In one 
type of liquid-metal system, this foamlike mixture is used directly as an MHD 
working fluid. After exiting the MHD generator, the gas and liquid metal are 
then separated. In the alternative scheme, the gas and liquid 
separated at a high velocity after leaving the nozzle pd only the liquid 
metal is passed through the MHD generator. In ECAS only the foamlike MHD 
generator system was investigated. The alternative concept, wpch had been 
previously studied in some detail (ref. 14) by the Jet Ptoppsion Laboratory 
(JPL) , was not included. This decision was based upon consultations with tp 
leading U.S. experts in liquid-metal MHD, including JPL. It was unMimously 
agreed that the foamlike MHD generator systems had a higher prabability than 
the alternative LMMHD concept of being competitive within the ECAS ground 
rules in terms of both cost of electricity and performance. 


The MHD power systems are of interest for advanced powerplants primarily 
because of their high performance potentials. Their performance potential is 
directly related to their maximum temperatures. Since open-cycle systems 
operate with the highest temperatures, they have the highest o* 

performance potential. Closed-cycle systems have the next highest performance 
potential, and liquid-metal systems have the most limited potential. 

In all types' of MHD generator systems, the MHD working fluid «its the 
generator at a relatively high temperature. To obtain high-performance 
powerplants, the sensible heat in the MHD exhaust must be utilized. This is 
accomplished both by transferring it to a bottoming cycle, generally a steam 
plant, and by utilizing it in recuperative and/or regeneraUye heat 
exchangers. From the standpoint of mating the MHD topping cycles with steam 
bottoming cycles, it is generally not advantageous to use steam bottoming 


172 



plants that are as efficient as the best free-standing steam plants. 
Specifically, the best combined plants will use less regenerative feedwater 
preheating than is used in a conventional steam plant. As a result the MHD 
systems generally cannot take advantage of the higher performance bottoming 
plant. This is particularly significant in the coal-fired liguid-metal- type 
systems. 

The MHD systems have a number of general features that pose economic penalties 
on them. Because they are more complex than steam plants, construction times 
for MHD systems are estimated to be longer than for steam plants. This 
results in large escalation and interest costs during construction for the MHD 
systems, as discussed in section 4,2. Because the MHD systems produce 
direct-current power, they require costly inverter systems to convert this 
power for alternating-current transmission, Tn addition, the MHD systems are 
one of the least developed concepts considered in ECAS. Because of the 
additional unknowns concerning components and plant design, design allowances 
in either maior components or balance -of -pi ant costs were included in some 
cases. General Electric added a 10 percent design allowance in balance of 
plant, and Hestinghoiise added an additional contingency to some specific 
components such as magnets. Equivalent additional costs were not charged to 
the systems that use lower temperatures and less exotic working fluids and 
have a higher state of development. 

Clearly, there ate major uncertainties in estimating cost and performance for 
system components that have never been built and tested or for which only 
small-scale experimental results exist. Thus in order to practically carry 
out the MHD portion of ECAS, a number of fairly pragmatic assumptiops were 
required. Some of these may seem quite optimistic in terms of performance 
and cost; others may be conservative from the standpoint of underestimating 
future development. 

On the conservative side, a conscious effort was made to favor system concepts; 
and to limit component temperatures to those that could be best defined and 
costed and for which there was the least stretch of existing technology. Thus 
for a system such as MHD, which is in its early stages of development and more 
than a decade away from being a commercial powerplant, possible technology 
developments may bo underestimated. Specifically, some potentially attractive 
concepts were not included, not because of their lack of potential, but 
because they could not be sufficiently well defined for adequate performance 
and cost estimating. 

Because of the time limits on the study, perfctmance and cost estimates were 
done in parallel except for a few points. As a result, most points selected 
were based on the collective judgement at the start of the study as to which 
points would be most attractive. This limitation led to the choice of better 
points for those systems for which more prior parametric studies had been 
performed. Among the tiiree types of MHD systems studied, this tended to favor 
the open-cycle systems, but in general this restriction penalized the more 
advanced systems for which extensive studies had not been previously 
conducted. 

On the optimistic side, it was assumed that there are no unsol vable MHD 
development barriers despite the lack of any real operating life data on 
critjea! components. Performance assumptions have been made based on theory 
and extrapolation from relatively small-scale experiments. Questions 
associated with powerplant life and maintenance were addressed only in very 
crude econcmic ways and in terms of the materials problems they posed. 
Open-cycle MHD has been included in Phase 2 of ECAS, and a somewhat more 
detailed examination of these problems will be made. 


OEIGIMAIi PAGE IS 
OF POOR QUALFIT 
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The attcactiveness of the MlID systems relative to alternative advanced 
conversion systems is affected by the basic economic ground rules used in 
comparing the systems. The impact of using various methods of calculating 
COEf various fuel costs, etc., is discussed in detail in section 6.2.2 of this 
report. 

The following sections briefly summarize the most important results obtained 
in the SCftS Phase 1 studies from three different and independent sources: the 

G.E. team, the Hestinghouse team, and the supporting in-house Lewis Research 
center team; included are studies conducted for NASA by the engineering firm 
of Burns and Roe and subcontractors to them. The EGAS project office had the 
assistance and advice of the in-house Lewis Research Center staff in managing 
these studies. An advisory panel of government HHD experts served as 
consultants to t. be Lewis MHD staff. 

5.8.2 Scope of A na l ysis 

5.8.2. 1 Base cases and Variations 

There are various tyoes of open-cycle MHO systems. Because of limitations in 
both time and effort', only a representative sample of the possible open-cycle 
systems could be addressed within the framework of EGAS. The G.E. team 
examined two base cases and a total of 30 po’*nts. The Hestinghouse team 
examined three base cases anvi a total of 30 points. Table 5.0-1 summarizes 
the cases and parameter ranges examined. 

The emphasis of the study was to burn coal directly in the primary MHD 
combustor; this was the case in 57 out of the 69 cases studied. In the 12 
other cases, either a semiclaan solvent-refined coal (SRC; G.E.'s cases 24 to 
30} or a low-Btu (LBTn) gas (Hestinghouse 's five points in base case 3) was 
used to fire the MHD combustor. 

A second emphasis of the study was to use the heat in the MHD exhaust to 

preheat the combustion air to high temperatures, in what are termed 

direct-fired preheaters. Generally, the preheat temperatures were assumed to 
bo 2480° t.c 2500° F for cases in which seed and slag would be present in the 

hor.t •■■•xchange-r. This range was chosen on the basis that it is within a few 

hiir.dred degrees of present blast furnace heat -exchanger practice with fairly 
dirty gases. A few points were examined at higher and lower temperatures to 
indicate the sensitivity of this assumption. For cases in which there was a 
relatively clean slag-tree HHD exhaust (SRC- or LBTU-fired systems}, 
direC’-fired-prehoa t to the 3100° F level was generally assumed. 

In only two cases was high -temps rature direct preheat not considered, G.E. 
cases 9 and 10. In G.E. case 9, oxygen enrichment of 1500° F preheated air 
was assumed. In the other case, G. 3. 10, 1500° F preheated air was further 
preheated in a separately fired heat exchanger to 3100° F. The clean fuel to 
fire the separately fired preheater was obtained from a gasifier. For the 
point studied, an advanced gasifier concept that used chemical regeneration of 
a fraction of the MHD exhaust was assumed. A more conservative assumption of 
tisino a sta t e- ot~ the-a r t free-standing gasifier was not considered and would, 
of course, yield lower performance and higher cost of electricity. 

An alternative teennique of obtaining very high- temperature preheat was, 
however, considered in the study by the Westinghouse team, base case 1. They 
considered a number of cases in which air was directly preheated to as high as 
2400° F and then further preheated in a separately fired heat exchanger. The 
fuel for the separately fired preheater was obtained from the volatiles in the 
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coal. The volatiles in the coal were driven off in a carbonizer, and the 
ren dining char was then used to Eire the primary MHD combustor. 

A third emphasis of the study was to use supercritical steam bottoming plants 
with wet cooling towers and 3500 psi/1000® F throttle points, with one reheat 
to 1000° F (3500 psi/1000° F/1000° F). The parametric variations, however, 

did examine using dry cooling towers, 2h00 psi/1 000° P/1 000° F steam plants, 
and an open-cycle gas-turbine bottoming plant. Trinary cycles could lead to 
higher efficiency HOD plants; but because of their complexity, these were not 
considered in this open-cycle HHD study. 

The remaining emphasis of this study is that most plants were nominally 2000 
HHe and used Illinois #6 coal. Kominally 1200-MWe and 600-HHe plants were 
considered in the parametric variations as was the use of Montana 
subbituminous coal and North Dakota lignite. 

5. 8. 2. 2 HHD Cycle 

Figure 5.8-1 shows a representative HHD cycle. After proper preparation, the 
primary coal is supplied to the HHD combustor along with compressed air that 
has been preheated to a high temperature. Generally, a large fraction, 80 to 
90 percent of the coal slag is assumed to be rejected directly from the HHD 
combustor system. The combustor is assumed to operate fuel rich to reduce NOX 
production. The alkali-metal seed, a potassium compound, is added to the 
nominally 4500° F exhaust of the combustor. 

The flow is expanded at a high subsonic Mach number through the HHD generator 
with its superconducting magnet. Since the HHD generator electrical output is 
direct current, this power is taken through an inverter system to be converted 
to alternating current for transmission. After the HHD flow is diffused, it 
is taken into a radiant heat exchanger. Heat losses in the combustor system, 
the HHD generator, and the diffuser are used in the steam bottoming plant to 
increase the enthalpy of either feed water or steam. 

In the radiant heat exchanger, the flow is further cooled and additional slag 
is removed. Secondary air is also added to complete the combustion. 
Residence time in the radiant heat exchanger must be sufficiently long for the 
nitrogen oxides (HOX) concentration to approach its acceptable equilibrium 
level. Typically, seconds of residence time are teguired at approximately 
3000° F. The addition of the secondary cooling air to complete combustion 
actually causes a cooling of the flow at these conditions. 

After leaving the radiant heat exchanger, the flow is conventionally assumed 
to enter a periodic refractory cored-brick regenerative heat-exchanger system 
that is used to provide the high-temperature air preheat. The g.E./Avco team 
assumed such a configuration and made use of a water-walled radiant heat 
exchanger designed by Foster Wheeler to provide heat to the steam bottoming 
plant. The Hestinghouse team, on the other hand, assumed that a radiant 
high-tempera ture recuperative air-preheat hea** exchanger could be constructed 
using superalloy tubes at its lower temperatures and silicon carbide tubes at 
the higher temperatures. Although interesting in concept, caution must be 
taken because of the lack of any data on such a device. 

General Electric splits the exhaust gases after they leave the 
high-temperature air preheaters, as illustrated in figure 5.8-1, to provide 
input into the low-temperature air preheater and the steam plant superheater 
and reJieater. This is necessary in order to avoid a pinch-point problem. The 
low-temperature air preheater heats air to 1400° F. Hestinghouse chose an 
alternative location for the low-temperature air preheater and placed it 


175 


upstceani ct the Ftoatn heat exchangers. 

The combustion products are taken through an electrostatic precipitator before 
being taken through the economizer and exhausted via a stack. Additional 
alkali seed compounds will also be collected by soot-blowing techniques from 
the various low-temperature heat exchangers, A small fraction of the exhaust 
of the precipitator may typically be diverted to the coal dryer. The 
remainder of the flow is taken to the steam plant economizer. 

Since potassium can readily combine with any sulfur in the combustion 
products, it is predicted that such an MHD plant could meet sulfur oxides 
(SOX) emission standards even using high- sulfur coals as long as adequate seed 
is injeGted as either potassium carbonate or potassium hydroxide. To meet 
this requirement, a larger fraction of the seed that is collected as potassium 
sulfate must be processed in a seed -reprocessing plant to remove the sulfur. 
Although the concept described is an attractive method of eliminating SOX 
emission from such powerplants, operation of the seed reprocessing plant does 
pose a significant performance penalty for high-sulfur coals, reducing overall 
efficiency by approximately 3 percentage points. Seed reprocessing xs 
discussed in mote detail later in this section. 

Some of the components that are unique to MHD cycles are estimated to be 
particularly costly. The three most costly are, in order of cost, the 
high-teraperatuxe air pccheaters, the inverter system, and the superconducting 
magnet system. All three of these components are discussed in subsection 
5.8.5 common MUD Components . 

For typical cases, approximately two-thirds of the net electrical output of an 
HUD plant is from the MHD generator. The steam bottoming plant is sized to 
have a gross output approximately one— half of the net cycle powei.. Part of 
the steam turbine power is used to drive the air compressors for the UHD 
topping cycle. 

5.8.3 Results of Analysis 

5.8.3. 1 overall Comparison 

Figure 5,8-2 summarizes the overall efficiency and cost of electricity results 
for 2000-MWe open-cycle MHD plants with steam bottoming cycles. Only plants 
that use direct high-tempe rature air preheaters and either Illinois #6 coal or 
SRC are shown in this figure. Other cases ate discussed as parametric 
variations. 

On the top of the figure, at high cost of electricity, are the G.E. base 
case 1 coal-fired plants. At the bottom of the figure at relatively low cost 
are the Hestinghoiise base case 2 direct-coal— fired plants. Clearly there are 
significant differences in terms of cost of electricity between the two sets 
of results. The cause of these differences is discussed later in terns of how 
the cost breaks down for representative points. 

The agreement between the contractors in terms of efficiency is far better. 
Both teams show that direct-coal-fired MHD plant efficiencies in the 
neighborhood of 50 percent (coal pile to bus bar) can be obtained. Even 
closer agreement than is apparent in figure 5.8-2 was obtained by _the 
contractors. This is also discussed later in terms of representative points. 

other types of plants shown in. figure 5.8-2 are the G.E. base case 2 
solvent-ref ined-coa 1-f ired plants, the Hestinghouse ^ base case 1 
direct-plus-indirect-preheat coal-tired plants, and the Hestinghouse base case 
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3 plants fired by the qas from an integrated LBTU f luidized-hed gasifier. 

5. 8. 3. 2 Discussion and Assessment 

Fiqure 5.8-3 shows the specific cases that were summarized in figure 

catagoiiaa of poiats ,r. aho.n. Thesa a.tagori.s aca bajafl upon 
the relative heat-exchanger technology required. The four points that 
solid are iudged to be well within present heat-exchanger technology. 2000 r 

for slag- and seed-laden flows and 2500“ to 2600“ ? for relatively clean 

flows. ^The four points that are half-solid form a second category. These ar . 
iudged to require heat exchangers that significantly exceed present 
technology: 3100° F for dirty flows and 3500° to 3600° F for relatively clean 
flows. The remaining points are judged to be within or at least only slightly 
Bxceediung pirGsent heat—©xchdng€=r tBchDology* 

As indicated in figure 5.8-3, tor different systems and contractors, different 
p1r««“r»crc vaJiud. Th, only typ. of plant studied in co.pon by both 
contractors was the direct- coal- fired type, Hestinghouse varied the coal 
moisture and pressure at a preheat temperature of 2^00° F. Their results show 
the desirability of drying the coal from ^hel 3 percent as-received 
level (Illincis #6} to 3 percent and demonstrate that there is a pressure 
ttat SinLixin coot of alecttlcily. Thorn is also a pi-ossdco level that 
would maximize efficiency, but the range of parametric variations was not 
sufficient tc define the value. 

The G.E. direct-coal- fired cases examined the effect of generator electrical 
loading for a 9-atmosphere combustion pressure and a preheat temperature of 
2500° Fa They also eramined the effect of varying preheat temperatures at 
pressure levels that were judged reasonable. Ail the G.E. cases were for coal 
dried to 2 percent moisture. 

The results show that the efficiency is very sensitive to 

loading, the ratio of the generator voltage to its open-circuit value, A load 
oarameter of 0.8 to 0.85 appears desirable for the case studied. In the 
Westinghouse study, a variable rather than a constant Irading 
used; they assumed a loading parameter at the HHD channel inlet of 0.82, whi 
varied down to a value of 0.7 at the channel exit. 

The G.B. data also show that efficiency is a strong function of preheat 
temoerature The 2000° F and 3100° F cases are all for a generator loading 
■ parameter of O.B. Also indicated in the data is the desirability of raising 
combustor pressure with the preheat temperature. 

A larae range of efficiency and cost is shown for Hestinpouse* s 
direct-pluE-indirect-preheat coal- fired cases. Generally, ^ ^for°'*smali 

the diLct- plus-indirect- preheat concept^ may offer pptentra for s 

performance improvements over the direct- preheat coal fir ♦•uo’ceries 

Economic penalties associated with this more complex two series 

high -temperature heat-exchanger trains would, however, ce4uce interest i 
further ^consideration of this direct-plus-indirect-preheat concept. Of 

IntitZi is the curve of various pressures for wph tte 

temperature was maintained 4400 ° F by diluting the combu^ stack 

gasL before it was compressed and preheated to 2933° F. 

particular interest to Westinghouse since they feel_that the use 
ceramic-line cYclone combustor design philosophy is uncertain when the 
S:rustor tLpfratuJe exceeds the 4400° to 4500° F range. 

pressure levels and lower preheat temperatures of the direct preheat 
cLl-fired westinghouse cases, this is not felt to be a problem since 
combustor temperatures are in the 4400° to 4500 F range. 
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Th0 G«E«/Avco t^6ani assutiiGfl significantly different combustor dssigii 

philosophy. The Avco concept is more advanced. Their approach utilizes 
concepts more familiar to rocket technology than present coal— burning 
technology. The G. E. coal-fired systems had combustion temperatures in the 
4600° to 4700° F range. 

As indicated in figure 5.8-2, the Westinghouse LDTd-fired plants appeared to 
offer the highest efficiency potential. These plant*', remove the sulfur from 
the Illinois *6 coal in their integrated fluidized-be ’ gasifier. As a result, 
they are not forced to pay the approximately ^ percentage points in efficiency 
that the direct-coal-fired plants must pay to remove the sulfur in a seed 
reprocessing plant. The only type of seed reprocessing that has beer 
considered are plants that pt odiice elemental sulfur. Future studies should 
consider alternative conf ig u-a tions that would not produce elemental sulfur 
and would have a much lower penalty for seed reprocessing. 

Although westinghouse does estimate that the cost of electricity for the 
LBTU- fired cases will be above the cost for the direct-coal fired cases, 
caution should be exercised. As shown in the common MHD components section 
5.8.5, Westinghouse tends to bn significantly higher in its cost estimates for 
both magnets and high-teraperatiire heat exchangers than cither G.E. or Burns 
and Roe’ s subcQntrac tors. The capital cost of the Westinghouse LBTn— fired 
cases is dominated by the combined cost of the hi gh-terapecature hea»- 
exchangers and the magnets, which comprises approximately 60 percent of the 
major component cost. 

Parametric studies for LBTU-fired plants consisted of only three cases and 
some power level variations. The parameters selected for study may not he 
near optimum values. 

The Westinghouse studiss did, however, indicate that LBTO _ 9^^ ^ 

marginal MHD fuel because of its low heating value. Any additional S'Ludies 
should cGnsider the possiblity of using oxygen enrichment of the air for 
either the gasifier or the G HD combustor or both. The effect of oxygen 
enrichment would be (1) to cut the mass flow of the gas to be preheated and 
thus reduce the preheater cost; (2) to increase the combustor temperature, 
which in turn would increase the average HtlD channel power density and lower 
the magnet cost; and (i) to slightly lower the required preheat npecatures. 

The G.E. studies of solvent-ref ined-coal- fired plants showed that, because of 
its high-Btu content, SHC is an e.xcrllent Hl!D fuol. The powerplant 
efficiencies for the SRC-fired cases range from 52 to 59 percent, but because 
of the energy losses associated with prodacinq the fuel fxom coaif the overall 
energy efficiencies range from only 40 to 46 percent. The cost of electricity 
for the SRC-fired plants is* howevec, estimated by G.E. tc he competitive wrth 
the coal-fired plants. The SPC-fired plants have higher fuel cost but lower 
capital cost than the coal-fired plants; therefore, in any future studies, 
particularly of peaking HHD systems, fuels such as SRC deserve further 
consideration. 

Before discussing other specific results, a few general observations are 
warranted. netailed analysis of the HHD generator is important for two 
reasons; first, to determine what level of isentropic efficiency can be 
obtained when the heat Lasses and friction are included; second, to deterraine 
the size of superconducting magnet required for the HHD .(enerator. 


The Westinghouse cUaisnel calculation and the core flow portion of the 
channel cal cttlat ion were checked with HASA’s own channel program. In 
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both 



cases the aqreemeiit was within 5 percent. Avco considered all of the 
important channel loss mechanisms, that is, boundary layers, voltage drops, 
heat transfer, and friction. They found that approximately 8 percent of the 
power generated was lost due to these factors. Hestinghouse did not calculate 
these losses, but on the basis of their prior experience assumed them to be 10 
percent. NASA therefore concludes that the two calculations are consistent to 
within *5 percent and realistically predict channel sizes within limitations of 
ones ability tc extrapolate the presently available "small" channel 
experiments to large-scale powerplant designs. 

Considerations having to do with the MHO combustor system primarily deal with 
the question ot hou much slag can or should be rejected directly from this 
system. This in turn is connected with questions hawing to do with seed-slag 
solubility and how well the seed and slag can be separated by the differences 
they have in temperatures of condensation and solidification. Many believe 
that some slag will be required in the BHD generator to replenish the 
electrodes in order that long— operating-life channels can be obtaincid. It is 
uniformly recognized that recuperative and regenerative heat exchangers will 

not be tolerant of large slag carryovers. Therefore, a high fraction of slag 

must be removed before the flow enters these components. 

If the ccmbustion gases are to be cooled to a low temperature before entering 
the stack, this must be accomplished in the economizer since it is the 

lowest-possible— temperature heat exchanger in the system. As a result, there 
is a trade-off between regenerative feedwater preheating in the steam 

bottoming plant and the economizer exit temperature. In Phase 2 of the ECAS 
study, use cf multiple economizer sections with additional regenerative 
feedwater heatino between the economizer sections will be examined. 

Since a plasma MHO generator produces its electrical output from a large 
number of electrically isolated electrode pairs, this poses some special 
consideraton on the inverter system. OF particular note is the necessity of 
protecting the inverter system from potentially large short-circuit currents, 
even though it is designed to operate near open-circuit voltage. This is 
discussed in more detail in section 5.8.5. 

5.8. 1.2.1 comparis on of repre sentative direct -prehe at c oal rf ic ed systems. 
These systems are compared on the basis of performance, capital cost, and cost 
ot electricity. 

5. 8. 3. 2. 1.1 Performance: In general the performance results of the two 

contractors for the direct-coa 1-f ired cases are quite close. A comparison is 
displayed in fabla 5.8-2 tor General Electric base case 1 and for Hestinghouse 
base case 2, point 17, These two cases are shown because they are closest in 
terms uf power level, preheat temperature, HHD generator inlet pressure, and 
fuel. Botli use Illinois S6 coal dried by exhaust gases prior to combustion. 
Westinghonse assumed coal dried to 3 percent moisture, and General Electric 
assumed ccal dried to 2 percent moisture. Hestinghouse used 95 percent of 
stoichimetric air input to the combustor, and General Electric used 93 percent 
of stoichiomocric air. In both cases the secondary air to complete combustion 
was injected into the gas stream in tne component downstream of the diffuser. 

The thermodynamic efficiencies obtained by the contractors, shown near the 
bottom of the table, are nearly the same. Ordina,rily it would be expected 
that the General Electric result, with slightly higher HHD inlet temperature 
and pressure, would have a higher efficiency than the Hestinghouse result. As 
shown, the rttiriency of the BHD part of the cycle (defined here as inverter 
output minus compressor power requirement divided by combustor thermal input) 
is higher for the General Electric case. However, Hestinghouse used a higher 
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5.8. 3.2.1. 2 Captial cost: Table 5.8-3 shows a comparison of the capital cost 
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distributions for the two representative direct -preheat coal-fired open-cycle 
MHD plants. The total direct materials costs (the sum of the cost of the 
major components and other materials) is slightly higher for G.E. than for 
Westinghouse. This results in spite of the fact that Hestinghouse has higher 
costs for two of the three most expensive major components; the 

high-teaperature preheater system and the magnet system (section 5.8.5). 
General Electric, on the other hand, does have higher inverter costs even 
though both contractors base their estimates on essentially the same 
technology bases. The Westinghouse study used some external diagonal 
connections tc minimize their inverter costs. 

In some of the other less expensive components, including the coal-handling 
system, the HHD combustor, and the HHD generator, G.E. also has higher costs. 
The overall G.E. materials and labor costs are higher, primarily because 
G.E.'s architectural engineer, Bechtel, has estimated substantially larger 
costs for balance of plant. This balance of plant includes all material and 
labor for plant construction after the major components have been delivered to 
the site. 


Although both contractors give reasonable detail in their breakdown of cost, 
each uses their own system of breaking down and categorizing cost, as 
discussed in section 5.1. It was, therefore, not possible to make a detailed 
item-by-item cost comparison between the contractors. For the level of detail 
examined in this initial phase of EGAS, the total direct cost comparison for 
the two contractors is reasonably good. In calculating total capital cost 
from the total direct cost, the two contractors have major differences in 
procedure (see section 5.1). To calculate escalation and interest, both 
contractors estimated the construction time of these plants to be 7 years. 

5. 8. 3. 2. 1.3 Cost of electricity; Table 5.8—4 shows a comparison of the cost 
of electricity for the two direct-preheat coal-fired open-cycle MHD plants. 
The capital charges are higher for G.E. because of their higher capital cost. 
The total fuel charges are also higher for G.E. because they used an 
over-the- fence higher-cost LBTU gas to operate their seed- processing plant, 
and this was included in the fuel charges. The operating and maintenance (0 
and M) charges were also higher for G.E, since they included additional costs 
above the normal steam plant maintenance charges for portions of the HHD 
plant. The increase to 0 and M cost used by G.E. was equal to 20 percent per 
year of the initial capital costs of the HHD generator, diffuser, combustor, 
slagging boiler, and high-temperature air preheaters. These additions, 
however, did not significantly raise the 0 and M. Hestinghouse *s 0 and H 
charges were essentially equivalent to those for their steam plants. As 
indicated in the table, the total effect of the difference in costing between 
G.E. and Hestinghouse causes G.E.'s estimated cost of electricity 'o exceed 
Hestinghouse *s by approximately 50 percent. 


5.8.3. 2. 2 Summar y of pa rametric v ariations . - Within the framework of the 
initial EGAS phase, a number of cases wore studied in order to assess 
sensitivity to various parameters and to probe alternative powerplant 
concepts. Five such effects or alternatives ate suramarizeu in this section. 
These include variation of performance with powerplant power level, with slag 
carryover percentage, and with use of alternative coals. In addition, results 
of the cases looking at other than direct-fired high-temperature preheaters 
and alternative bottoming plants are presented. Two other parametric 
variations that were addressed in the study were varying the strength of the 
average magnetic field in the HHD channel and varying the potassium seed 
fraction. Increasing the average magnetic field strength from 5 to 6 to 7 
teslas had no effect on efficiency but did show a very small reduction in cost 
of electricity. Seed fraction variations of 1.5, 1, and 0.5 percpn<- were 
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examined, ainimizinq the seed fraction showed small improvement in both 
efficiency and cost of electricity in this range, but O.*! percent seed 
fraction would be marginal for SOX control for a high-sulfur coal like 
Illinois #6. 

Because of the large costing difference between the two contractors, the 
results in this section are presented in a normalized form. In each case, the 
results of the respective contractors are normalized by the appropriate plant 
of that contractor. 

5.8. 3.2. 2.1 Effect of plant size; Figure 5.8-4 illustrates how the efficiency 
and cost of electricity vary as a function of powerplant size. The data for 
the nominally 2000- , 1200-, and 600-MHe plants have been normalized by the 
cost and efficiency of the 2000~HHe plant for each type of plant. The figure 
includes data fcr both G.E. 's and Westinghouse’s direct- preheat coal-fired 
plants, Hestinghouse* s direct-plus-indirect-preheat coal-fired plants, and 
Hestinqhouse 's LBTW-fired plants. The reduction in cost in going from 2000 
WHe to 1200 flHe for the G.E. data results from lower escalation and interest 
costs associated with reducing the construction time from 7 to 6 years, which 
more than compensates for other cost increases. The assumed reduction in 
construction time by Hestinghouse is more gradual. Figure 5.8-4 illustrates 
that open-cycle HHD plants need to be big and that plants of 1200 M»e or 
larger are desirable. 

5. 8. 3. 2. 2. 2 Effect of slag carryover in coal-fired plants; Table 5,8-5 
summarizes the points studied as a function of slag carryover by both 
contractors. Both indicate that, within their ability to analyze such 
systems, there is essentially no effect on either overall efficiency or cost 
of electricity from slag carryovers up to and including at least 20 percent. 
Within the assumptions they used for the study, the G.E./Avco team feels that 
even 100 percent slag carryover into the HHD channel will essentially have no 
effect, Hestinghouse, on the other hand, feels that for the 100 percent slag 
carryover case, a completely different scheme for seed recovery will be 
required, efficiency will be significantly affected, and cost will be affected 
only slightly. A 5 percent reduction in efficiency (approx 2.5 percentage 
points) is essentially equivalent to giving up 25 percent of the efficiency 
advantage that the KHD/steam plant combination has over a steam plant. 

The question of how to analyze slag carryover into the MHD channel is far from 
technically resolved. Both contracting teams in this study have taken what 
could be termed an optimistic viewpoint. Some other teams, such as the Bureau 
of Standards and EPDA/Pitt sb urgh Energy Research Center, feel that the concept 
of zero slag rejection at the combustor will cause excessive losses of seed to 
the slag. They further state that even with a large percentage of slag 
rejection, capture of seed by a slag layer protecting the electrode and 
insul'itor stiucturc may be a serious problem. Avco and the University of 
Tennessee Space Institute, on the other hand, state that they have seen no 
such evidence in their small-scale experiments, which are the largest 
operating to date. 

5.8. 3. 2. 2. 3 Performance with alternative coals; Table 5.8-6 summarizes the 
results obtained for plants using Hontana subbiturainous coal or North Dakota 
lignite. Performance has been normalized by the representative powerplants 
that were fired by Illinois #6 coal. In all cases the plant was designed for 
operation only on its own coal. All the data shown are for direct- preheated, 
nominally 2000-HHe, coal-fired plants using well-dried coal. Hestinghouse 
also examined the use of wetter coal (as received), but this only lowered 
performance. For the alternative coals, each ccatractor chose only one set of 
cycle parameters that he felt would be representative for each of the types of 
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coal. Therefore, these alternative coal plants may be further from optimum 
than the Illinois plant, which has been examined with at least limited 

parametric variations. 

The results shown in table 5.<^-6 indicate there may be very little Penalty 
associated with usiiuj the Montana coal rather than the Illinois #6 coal an 
open-cycle HMD plant. This was a somewhat surprising result in view ot the 



electricity penalties associated with its use. 


5.a.3.2.2.h Alternatives to direct-tired h Igh -temperature air preheat: Table 

5.8-7 shows the results obtained for systems using either only low- temperature 
air preheat and oxygen enrichment or an indirect preheat cycle fired by fuel 
from^an advanced regenerative gasifier. These results are compared to a 

direct high-temperature preheat system. As indicated in the tabl , , * 

estimated that both at these alternatives could yield costs of electricity 
that are competitive with the di rect-high-temperature-preheated plant. 


For the oxygen-enr 
cost of S9. 00/ton 
electric power th 
inclusion would lo 
oxygen cost that h 
electricity if an o 
upon vendor quote 
Quotes were cn the 
specified mid-197tt 
has used G.E.'s fac 


iched case, G.E. used the specified over-t he-tence oxygen 
They did not include in their overall efficiency the 
at would be consumed to produce the gaseous oxygen. Its 
wer the overall efficiency 2.8 points. As a check on the 
ad been specified, NASA also has estimated the cost of 
n-site oxygen plant was used. The NASA estimates are based 
to Burns and Roe by two major aic-sepa ration companies, 
basis of turn-key operation. These quotes support the 
S9. 00/ton price, but for consistency in table 5.8-7 NASA 
tors for contingency, fees, escalation, and interest. 


In the G.E. costing, large balance-of-plant charges "^^^J^^imated by Bechtel. 
Within the scope of EGAS only base cases could be examined in detail. 
must therefore, be exercised in interpreting the cost for cases such as those 
“r kb?r 5°8-7, which deviate suLtantially from the base case In 
oarticular, much larger cost reductions than have been shown might be expected 
for the oxygen-enriched case, since this causes a significant simplification 

ofths ?otarria“ and its plpln,. Fot the ^rUse 

in balance-of-plant cost would be expected, but since it was .t a base case 
these costs were estimated in Phase 1 to be equal to the direct-preheat case. 

The results tor the oxygen-enriched plant with only low-temperature preheat 
indicate that this may be a simple method of obtaining competitive cost of 
eiScicity by using open-cycle MHD. Use of only low-temperature prehe.,t 
pJsS a tSir.SlrM-id penal?, that. ho.s,en. Units the overall 
This type of plant has a lower capital cost and nay be better suited tor 

nonbaseload applications. 

The indirect-preheated case offers both relatively low cost ot electricity and 
Dotentially high overall efficiency. The high efficiency results both from 
?Sr?agh preieat temperature, 3100o F, and the assumption of /n advanced 
aasifier using chemical regeneration. In the system envisioned, a fraction of 
?he MHD exhaust is diverted into the gasifier vessel. 
thermal energy, carbon dioxide, and water to gasify coal. Any 
has been assumed to be utilized in the hHD combustor. The L 

1 c! 11 non very limited Avco data. These results do indicate that 

this! L well as othi c alternative schemes of using chemical regeneration in 
conjunction with open-cycle MHD, is deserving of further study. 
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5.8.4 Conclusions 

1 The oiien-"Vcle HHD systems appear to have the potential of approaching 
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lower performance penalties should be considered in future studies. 

6. The systems studied that use f luidized-bed integrated gasifiers with 
in-bed sulfur remowal appear to have the potential to be competitive with the 
direct-coal- fired systems, at least for high-sulfur coals. Farther study 
would be reguired both to optimize these systems and to define their 
performance and cost potential. 

7, The performance and cost of all types of open-cycle HHD systems are 

sensitive to how well the waste heat in the exhaust is utilized. Osing this 
heat to preheat combustion air to the highest practical temperature is 
desirable; however, materials problems pose limits to this approach. 

Extension of present technology by a few hundred degrees Fahrenheit limits 
preheat temperatures to 2500° F for slag-laden flows or to 3100° F for 
relatively clean flows. Ose of chemical regeneration or advanced bottoming 
plants may pose attractive alternative uses of the HHD exhaust heat. Doth 
these alternatives are deserving of additional study. 

8. Using semiclean fuels, such as SRC, and/or oxygen enrichment (to 
eliminate the need for high-temperature air preheat) lowers HHD plant capital 
cost. Even though these techniques reduce efficiency, they appear to result 
in a competitive cost of electricity. They deserve further examination at 
least in any future peaking or intermediate- load powerplant studies. 

5.8.5 commcn HHD components 

5.8.5. 1 Direct -Current to Alternating-Current Inverter Systems (Power 

Conditioning) for HHD Generators 

Costing data were estimated for dc to ac inverter systems (also referred to as 
"power conditioning”) by both General Electric and Hestinghouse as a part of 
their prime contracts. Also ASEA, Ltd., estimated costs for Burns and Roe, 
Inc, , who were under contract to NASA Lewis to support ECAS studies through 
Lewis in-house efforts. 

Table 5.8-8 gives the direct costs of the inverter system components as 
delivered to the powerplant site in normalized units of $/kHe of inverted 
power. The differences that appear in table 5.8-8 can largely be explained by 
examining the carves presented in figure 5.8-5. These curves were developed 
by G.E. The SJestingbouse and ASEA data have also been plotted on figure 
5.8-5. The module power handling size is determined (1) fay the maximum 
current that the dc interrupters can handle, and (2) by the voltage level of 
the dc to be inverted. If a very conservative estimate is made of interrupter 
current capability, mote interrupters and hence more (and smaller) inverter 
modules (one per interrupter set) must be used to achieve the total power 
level. The larger number of interrupters needed when using the smaller 
modules drives the system pric.: up, as reflected by the higher costs on the 

left side of figure 5.8-5, 

As can be seen from figure 5.8-5, G.E. uses 28-MHe modules (5000 A per 
interrupter) for both the open- and closed-cycle HHD, contrasted to the 50- or 
60-H5fe modules (5000 A per interrupter) used by Hestinghouse. Hestinghouse 
proposed the larger module size by assuming larger input voltages as a result 
of assuming sets of two HHD electrodes connected in series per dc interrupter, 
rather than one set of electrodes per interrupter as assumed by G.E. Since 
ASEA also proposed using 50-HHe modules, their price is also below G.E. *s. 
While the ASEA price is for an entire installed "turn-key" system, it is 
probable that, for such a complex electronic system, only a small fraction of 
this price (7 to 1 3 percent) is for foundations and installation. Hence, the 
ASEA data are in reasonable agreement with the G.E. and Hestinghouse data. 

The largest difference is the 5165 to $200 per kilowatt price quoted by G.E. 
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for liquid- metal fiHD. Direct-current interrupters are again responsible for 
this difference. General Electric postulates using dc interrupters between 
the WHD ducts and the actual inverter circuitry; Westinghouse feels they are 
unnecessary. Because the liquid-metal HHD is a low-voltage high-current 
device and uses many generators in parallel, it is necessary to go to smaller 
power-handling modules when dc interrupters are used because of the current 
limit placed on each interrupter. Using smaller power modules increases 
inverter costs (left side of fig. 5.8-5). 

Tf the "state of the art" of dc interrupters is advanced to higher current 
levels (greater than 5000 A), it will be possible to move mote to the right on 
the curves of figure 5.8-5. Inverter costs can also be lowered by optimizing 
circuit interconnection to increase input voltage. For example, extending the 
Hestinghonse concept of placing a number of electrode sets in series through a 
single dc interrupter would obviously reduce cost. 

5. 8. 5. 2 Superconducting Magnet Designs for MUD Generators 

costing data were estimated for superconducting magnet designs by both G.B. 
(with the Avco-Everett Research Laboratory as subcontractor) and Hestinghouse 
as a part of their prime contracts. The Magnetic Corporation of America (MCA) 
also developed costs for Burns and Roe, Inc., as part of the NASA in-house 
effort. 

Table 5.8-8 presents data for the various magnet design cases studied. Each 
case was studied in only enough detail to obtain costing information. Magnet 
costs are normalized in terms of $/kJ of stored energy and in terms of S/lb of 
magnet weight. To aid in correlating these costs, Ib/kJ are also given. The 
magnet costs for the liquid-metal BHD systems are not included here but are 
given in section 5. 10. Liquid-metal MHD magnets are lower field magnets of a 
design much different than that used in open- and-closed cycle MHD systems. 

The first three cases shown in table 5.8-9 are for an open-cycle MHD 
direct -coal -fired system with a nominal output power of 2000 MHe. General 
Electric/A vco assumes the use of an aluminum alloy for most structures and 
hence their very low price. The $/kJ of stored energy agree quite closely for 
MCA and G.E./Avco, with the Hestinghouse cost being more than double. As can 
be seen from the Last column, the Ib/kj are not too much different in each of 
the thr.ee cases, indicating that Hestinghouse assumes much higher costs per 
pound tor materials and labor. Table 5.8-10 compares the price/lb values used 
by MCA, G. E./Avco, and Hestinghouse. Indeed, table 5,8-10 shows that 
Hestinghouse uses much higher pricing numbers than either of the other two 
companies. 

The Hestinghouse design (table 5.8-9) shows a much lower stored, energy than 
either MCA or G. E./Avco. In their documentation, Hestinghouse indicates that 
a current density of 1,4x10® A/m* was assumed for the superconducting wire. 
General Electric/A vco assumes 0.2x10® A/m^, and MCA assumes 0,4x10® A/m*, 
factors of 3 to 7 smaller. Hence, for the same number of ampere- turns, the 
wire bundles in the Hestinghouse case are much smaller and can be located much 
closer to the channel centerline because the average wire cross section is 
reduced in proportion to the higher current density used. By locating the 
turns closer to the channel centerline, the stored energy of the Hestinghouse 
magnet is reduced since the energy stored in this type of magnet is 
proportional to the average value of the conductor distance from the channel 
centerline squared. 

Throughout table 5.8-9 the Hestinghouse prices are consistently higher in 
comparison to the other design cases shown. Likewise their stored energy 
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values are based on the assumption of 1.4x108 A/m^ current density used 
throughout the study. 

Table 5.8-9 points to the directions that should be taken in advanced flHD 
magnet design. The highest current density possible should be used to reduce 
total stored energy. Since the system weight appears to be directly 
proportional to stored energy, this reduction in stored energy reduces overall 
system weight. Optimization of the fabrication techniques for both 
superconductor and structures should be emphasized to reduce these costs on a 
per pound basis. Advanced hbTi conductor fabrication techniques (or possible 
substitution of niobium tin for NbTi) could conceivably reduce the costs of 
the superconducting wire. Additional substitution of aluminum for stainless 
steel in various pacts of the system might further reduce structural material 
cost. HCA cost estimates for the cases studied indicated that a possible 1C 
to 13 percent cost reduction can he achieved by operating the superconducting 
magnet at a reduced temperature of 1.8 K. 

5. 8.5. 3 High-Temperature Refractory Heat -Exchanger Systems 

Costing data were developed by both R. E. (with Avco as subcontractor for open 
cycle systems) and Westinghouse as a part of their prime contracts. FluiDyne 
Engineering Corp. under contract to Burns and Poe also developed costs for 
NASA. 

The tables given include the cost of both labor and materials required to 
install heater pressure vessels, refractory matrices, high-terapecature 
valving, and air (or argon) inlet and outlet piping (including manifolds). 
For direct-fired MHB generators, exhaust gas ducting to and out of the 
refractory system is also included. 

5. 8. 5. 3.1 Direct fired - open cycle . - All three companies estimated the cost 
of a high-temperature refractory heat exchanger for direct- coal- fired 
combustion with a 2000-HWe nominal total output power. The combustion air for 
all three studies was preheated to approximately 2500° F, and the heat 

transferred to the air was nominally 950 MW. Data for the FluiDyne and 

G.B./Avco cases are presented in table 6.8-11. 

There is obviously a large difference in the total refcactory-heat-exchanger 
system costs shown in table 5.8-11. FluiDyne assumes that high-quality, 

fused-grain, 99- percent- pure aluminum oxide and magnesium oxide has to be used 
for much of the refractory matrix in their regenerative heat-exchanger design, 
at a materials cost of $1. 15 per pound. General Electric/Avco on the other 
hand, assumes that a lower grade of aluminum oxide can be used for their 
heat-exchanger matrix, at a cost of 50.25 per pound. when this price 

difference is taken into account, the balance of the system agrees within 10 
percent in cost. Some of the remaining difference can be explained by the 
fact that FluiDyne requires more insulating and pressure vessel materials 
since they subdivide their system into 34 heat exchangers, contrasted to f> for 
G.B. Also the design conditions were different. FluiDyne designed their 
system for a logarithmic mean temperature difference of 406° F, compared with 
610° F for G.E./Avco, 

Westinghouse took a much different approach to this heat-exchanger system by 
assuming that a tube-and-shell recuperative heat exchanger could be built 
using a combination of silicon carbCde and high-nickel alloy tubing. Data for 
this are presented in table 5.8-12. 

It might be expected that a recuperative version of the open-cycle BHD heat 
exchanger would be less expensive than regenerative heat exchangers with therr 
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associated high-temperature valving and extensive high-temperature 
manifolding. But as can be seen from the data in tables 5.8-11 and 5.8-12, 
the high materials and labor cost (much of this for tube joining) make the 
Bestinghouse system the most expensive of the three systems. However, th^re 
is a very large degree of uncertainty in all of these costs. With a slight 
change in either materials processing or fabrication technigues, the cost 
estimate could change considerably. 

General Electric/A vco scaled their open-cycle MHD refractory heat exchangers 
from the base case shown in table 5.8-11 by using the following scaling 
relation, provided by Avcp; that cost in millions of dollars is proportional 
to the thermal power transferred to the 0.7 power. The FluiDyne base cases 
appear to scale in a like manner, with the exponent being closer to 0.9,3 than 
0.7. This holds when only the heat-exchanger beds are considered. When all 
interconnecting high-temperature piping is included, the scaling exponent 
becomes 1.17. But this is not surprising since FluiDyne assumes a very large 

subdivision of the system into 3U vessels, and this dictates a very large 
amount of interconnecting piping, 

S. 8.5. 3. 2 separat ely f ired - o pen cycle . - Table 5.8-13 gives costing data on 
a FluiDyne design originally done for clean-fuel (intermediate-Btu gas) WHD 
tiring with the seeded hot HHD exhaust passing directly into the refractory 
heat-exchanger system. This conceptually is nearly equivalent to a separately 
fired system with an inte cmedia te-Btu-f ired combustor in each vessel, except 
that in the separately fired system the problems due to seeding are not 
present. The G.B./Avco point is for a clean fuel gas geuerated by passing 
one-third of the MHD exhaust directly into a coal gasifier and using the clean 
fuel generated by rapid devolatilization of the coal to fire the combustor in 
each vessel of the separately fired system. In both cases the air is 
nominally preheated from 145C° F to 3100“ F. Two Westinghouse points are 
shown, one in which the gas being preheated is air only, and one in which a 
mixture cf air and fuel gas is preheated. The amount of heat transferred is 
different, so the data are normalized to reflect cost per kilowatt of heat 
transferred. In both cases the preheated fluid is heated to 2934“ F. In the 
air/fuel gas case (base case 1, point 1) the inlet temperature is 2385® F. In 
the air-only preheat (base case 1, point 12), the inlet temperature is 2129® 
F. The average temperature of the Westinghouse system is higher than that for 
the G.E. and FluiDyne systems and can be expected to result in higher costs. 

The FluiDyne and G.E./Avco costs are close in $/kWt. However, the FluiDyne 
cost of refractory brick is higher than G.B.7Avco»s because the FluiDyne 
design was originally for a seed-laden environment and reguires denser 
material and hence more expensive pricing in many portions of the refractory 
matrix. General Blectric/Avco assumes brick costs in the lower bed at $0.25 
per pound and FluiDyne assumes SO. 85 per pound. 

The FluiDyne's piping layout is more compact than G.E./kveo’s, thus explaining 
much of the difference in piping costs. The costs per kilowatt transferred 
for the FluiDyne systems shown in tables 5.8-11 and 5.8-13 differ by almost a 
factor of 2. The direct-coal-fired case assumes 1 .5-inch-diameter holes in 
the cored brick to avoid blockage by seed and slag. The clean- fuel- flu id 
(separately heated) case shown in table 5.B-13 assumes a hole diameter of only 
0.75 inch, and hence the regenerative heaters are more compact and hence less 
costly. 

The Westinghouse costs shown in table 5.8-13 are twice as high as G.E//ivco's 
und FluiDyne's on a per unit basis. It is estittated that the Westinghouse 
system is at least 20 percent more expensive than the G.E./Avco and FluiDyne 
systems because the average heat-exchanger temperature is higher. The 


188 





Hestinghouse system appears more conservatively designed and priced to allow 
for unknown factors and contingencies. 

5. a. 5. 3. 3 Main he at e xc ha nq er - closed cycle . - TaJale 5,8-in gives costing 
data for three different ceramic heat-exchanger systems used to heat argon to 
3100° F. Heat transfer varies from 1765 HHt to 2500 HHt. Costs are 

normalized in terms of $/kWt, FluiDyne's refractory heat exchanger is much 
costlier than G.E, * s primarily because G. E. used a smaller hole diameter (1/ h 
in.) than FluiDyne (3/4 in. ) . 

The Hestinghouse system for the main heat exchanger of the closed cycle is 
extremely high in price when compared to G. E. and FluiDyne costing. 

Hestinghouse heat -ex changer engineering design assumptions are very 

conservative. Hestinghouse used 152 million pounds of ceramic checker brick 
material for a heat transfer of 1820 KHt. This averages out to 83,500 Ib/KHt, 
compared with 49,800 Ib/MHt for the FluiDyne system shown in table 5.8-14. 
This larger quantity of checker brick is partially necessitated by the 
assumption of thicker wehs between checker holes than assumed by either G. E. 
or FluiDyne. The stress analysis used to determine web thickness is not 
documented by Hestinghouse in their appendixes on heat exchangers (ref. 2). 

Hestinghouse also assumes use of a 2. 5-inch- square hole in their ceramic 
checker bricks compared with the 1/U-inch-diameter hole of G.E. and ’he 
3/4 -inch-diameter hole of FluiDyne. Hestinghouse acknowledges that this also 
forces the system weight (and cost) to be greater than for the smaller-ho.e 
systems. However, Hestinghouse feels that the larger holes are needed to 
lower the system dust loading. 

Hestinghouse also uses a more stringent value (496° F) of the log mean 
temperature difference in their heat excb.,!,nger system than the other two 
companies (e.g., FluiDyne uses 588° F) . This also accounts for some of the 
additional weight and hence cost of the Hestinghouse system* 
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TABLE 0.8-X. - SUMIMAHV OF HEX' PARAMEXEnS FOR OPEN-CYCLE MHD ECAS PHASE 1 BASE CASES /.ND VAniATlOKS STUDIED IK PARAMETmC POINTS 



Piinimetcr 

General Electric [ 

WestlnghouBG 

«a 


Base case 




Direct coal ftred 

Solvent-retfncd coni Bred 

1: rilrcot-plus-lncli rect 
prehcal, coal ft • :1 

2: direct preheat, direct 
coal fired 

3: integrated low-Btu 
Iluidlzcd-bcd gasifier 

ga 

§ P. 



Pnmmotrto points 



110 23 

2-! to 30 

1 to IT 

1 

to 17 

It 

D 5 



Base case 

Variiitians 

Base ease 

Variations 

Base ctiso 

VarliUions 

Base case 

Variations 

Base uusc 

Variations 

pQ^vor Output* .MWcf 

1895 

2U1? ID 50a 

1032 

1704 to 200S 

lOGG 
nUnois 1^0 

50C to 1977 

Mimtaim, 
KorlU Daltom 

1089 

SB4 lb 1937 
Montana , 

1900 

LBTD/ 

577 to 1012 


Coa! 

IllinolB lie 

Montana, 
Noi'tb Dakota 

.Site 


As rcccWed 

North Dakota 
Dk IliI 

tUinois (to 
Gasified 



As received 



Dried 



' 

Dried 




Moisture content 


Ail* 



Air 


Air 



Air 


OxitUzcr 

Air 

Air plus oxygen 






Combustor: 

Number of stPKCs 

Sl»K hitL'Pliqn (if coal) , porccnt ! 

Pressure, titm 

Tpmpt'ralui‘0, 

1 


1 


2 

1; a 

. 

1 

2; 3 

1 


lb 

o 

DU 

D 

■HIM 

D, au 

U lb H! 
*1-100 to'4S8Q 


Dto20 

<1036 IjO 5310 

00 

6 

•wao 

Exlinust gas 

0, 80; 95 
fl, 10, 12 
4H57 lb 48Sr> 

80 

C 

4<115 

None 

90; 95 
7, 8, 10 
422ato450.S 
ETdiaust gus 

(a) 

10 

4409 

IS 

4400 to 4724 


o'iluept If used 


" 









Prcheatci; 



Direct 


Direct plus 


Plreel 



_ _ . 


FiritlC mulhorl 

Direct 

Indirect 








■ ■ 




Indirect 







Tuiriperature. °F. 

250D 

IGflO, 20U0, 

3X00 

2500, 3C00 

2093 

2357 to 3532 

2-100 

2308 to 2402 

2537 

2537 to 3180 

* • 



3X00 










XIBO (>ei=ei'>lor: 


Dlngonal 

Faniday 


Faraday 


Faraday 
0 max, 
L.O 





"\pe 

Far.idiiy 






i. 

MuEpietic ficlcl, T 

fi nmx. , 5 iivti:. 

« avg. , 7 nvg. 

Oavgx 

5 avg. , 7 uvg. 

R max. 



1 . n 


i 

poiaBstuni seed content, pereent 

i.o 

O.Oi X.5 

1,0 

0.5, 1.5 

1.0 

0,82 max, 
(itipcred) 







f:lcctilciiX load puriimeuir 

G.a 

0, 0, 0.7, 0.85 

0,8 



tuipercd) 


(tnpored) 


i ' ■ 

DoUoinlnt; cycle; 





fUenm 
IlOQO psi 
lOOU/lOOO 
Wet 


steam 

3500 psi 

lono/iouo 


Steam 


i . 

i '■ . . 

Tvpp 

t4U*uE. 

Air turbine 

5tpam 

' 

2100 psi 
1000/1000 

24Q0 psi 
lOOO/lOflO 

2500 psL 

..... 

Fi^'SKurc 

:t5UD pal 

10 atm 

nsoopui 

1000/1000 

Wet 


louo/iuoo 



t;. 

Tcmpiiralurc, : 

CopIIjir lov<«r type 

lUUD/lODO 

Wet 

2100 

Drv. none 

■ 



Wet 


Wot 



''On ivislfR'X output.. 

















TABLE 5.8-2. - PEREORMANCE RESULTS FOR ILLINOIS # 6 - 
BITUMINOUS-COAL- FIRED, OPEN- CV OLE 
MHD POWERPLANTS 


[Nominal plant output power, 2000 MWe; air preheated by 
direct firing,] 



Genei-al Electric 
base case 1 

Westinghouse 
base case 2, 
point 17 

Net output power, MWe 

1895 

1988 

Coal thermal input to combustor. 

3700 

3870 

MWt 



Air prelieat temperature, °F 

3500 

2400 

MHD inlet temperature, °F 

4634 

4503 

I^IHD diffuser exit temperature. 

3625 

3655 

°F 


7.0 

MHD inlet pressure, atm 

9,0 

Compressor exit pressure, atm 

10.5 

7.6 

Airflow, Ib/sec: 



primary 

2486 

2653 

Secondary 

187 

279 

MHD inverter output power , 

1399 

1230 

MWe 


."07 

Compressor power required. 

361 

IVIWe 


821 

Steam turbine-generator output. 

655 

MWe 



Plant gross power output, MWe 

1954 

2051 

(MHD power - Compressor power)/ 

0.53 

0.45 

Plant gross power 



Auxiliary power required, MWe 

55.6 

63 

Auxiliary power/Plant gross power 

0.028 

0, 031 

Coal thermal input to seedproces- 

231 

. 2.13 

r' ■ ■ 

sing, MWt 


0.052 

Coal for seed processihg/Total coal 

0.059 

MHD efficiency - fIVIHD power - 

0.281 

0.238 

Compressor power)/Coal to 

combustor 


0.420 

Steara-cyole efficiency {including 

0.400 

generator) 

0. 528 

0.530 

Thermodjuiaraic efficiency = (Gross 

power/ Coal to combustor’) 


0.487 

Overall efficiency = (Net power/ 

0.483 

■ 

Total coal) 




^Given in electric power > "en if shaft driven. 
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TABLE 5.8-3. - CAPITAL COST DISTfflBUTIONS FOR OPEN-CYCLE 
MHD POWERPLANTS USING ILLINOIS #6 BITUMINOUS COAL 
AND DIRECT- FIRED AIR PREHEATERS 
[Nominal plant output power, 2000 MWe.] 


Component of capital cost 

General Electric 
base case 1 

Westinghouse 
base case 2, 
point 17 

Capital cost, $/kWe 

Direct cost: 



Major components and balance- 

292 

214 

of-plant materials 



Direct site labor 

94 

78 

Indirect site labor cost 

84 

40 

Architect and engineering services 

50 

23 

Subtotal 

5^0 

355 

Contingency cost 

104 

29 

Escalation cost 

209 

115 

Interest during construction 

271 

l42 

Total 

1103 

642 


TABLE 5.8-4. - COST OF ELECTRICITY FOR OPEN-CYCLE MHD 
POWERPLANTS USING ILLINOIS #6 BITUMINOUS COAL AND 
DIRECT- FIRED AIR PREHEATERS 
[Nominal plant output power, 2000 MWe.] 


Component of cost of electricity 

General Electric 
base case 1 

Westinghouse 
base case 2, 
point 17 

Cost of electricity, mills/kW-hr 

Capital cost 

34. 9 

20.3 

Operating and maintenance cost 

2.8 

.8 

Fuel cost for MHD generator 

5.6 

5.7 

Fuel cost for seed reprocessing 

.6 

.3 

Total 

43 . 9 

27.1 
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TABLE 5.8-5. - EFFECT OF SLAG CARRYOVER IN COAL- FIRED MHD POWERPLANTS 


USING ILLINOIS #6 BITUMINOUS COAL 


[Nominal plant output power, 2000 MWe; air preheated tay direct firing 2400° to 2500° F.] 


Percentage of 

General 

Westuighouse 

General 

Westinghouse 

slag carryover 
(from combustor 
to MHD channel) 

Electric, 

direct 

high- 

temperature 

preheat 

only 

Direct 

high- 

temperature 

preheat 

only 

Indirect 

and 

direct 

preheats 

Electric, 

dii’ect 

high- 

temperature 

preheat 

only 

Direct 

high- 

temperature 

preheat 

only 

Indirect 

and 

direct 

preheats 


Performance relative to a 10-percent-slag carrj’over system 


Ratio of overall energj’ efficiency 

Ratio of cost of electr 

icity 

5 

10 

1.000 

1.000 

1.000 

1.000 

1,000 

1.000 

0.995 

1.000 

0.998 

1.000 

20 

.996 

1.001 

1.001 

1.003 

1.012 

1.005 

100 

.996 

.950 

.959 

1. 003 

1.026 

1.024 


TABLE 5.8-6. - EFFECT OF COAL TYPE ON OPEN-CYCLE MHD PERFORMANCE 
[Nominal plant output power, 2000 MWe; air preheated by direct firing.] 


Type of coal 

General Electric 

Westin^iouse^ 

General Electric 

Westin^iouse^ 


Performance relative to Illinois #6 bituminous coal 


Ratio of overall energy efficiency 

Ratio of cost of electricity 

Montana subbitumlnous 

*^0, 971 

0.995 

0.998 

1.005 

North Dal<ota lignite 

’^.949 

.987 

1.023 

1.058 


^Data are shown only for maximum-dried coal (16 to 18 percent moisture after drying) since sub- 
bitumtnous and lignite coals perform better in botli overall energy efficiency and cost of elec- 
ti'icity if maximum dried. 

'^Data reflect corrections mentioned in ref. 1 (vol. II, part 3, pp. 34 and 35) for Montana subbi- 
tuminous and Nor& Dakota lignite. 
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TABLE 5.8-7. - COMPARISON OF ALTERNATE OPEN-CYCLE MHD SYSTEMS 


TO A DIRECT HIGH-TEMPERATURE PREHEATED SYSTEM 



Direct air 
preheat 

Air enriched to 33 percent 
oxygen (mass basis) 

Indirect air 
preheat^ 
(G. E. base 
case 10) 


(G. E. base 
case 1) 

With over-the- 
fence oxygen 
(G. E. base 
case 9) 

Witli on-site 
oxygen plant 
(NASA 
estimate) 

Direct preheat 
temperature, °F 

2500 

1500 

1500 

1400 

Total preheat 

temperature, °F 

2500 

1500 

1500 

3100 

Combustor pressure, 
atm 

9 

10.2 

10.2 

13 

Overall enei-gy efficiency, 
percent 

48.3 

*^46.1 

43.3 

50.8 

Cost of electricity, 
mills/kW-hr 

43.9 

43.1 

47.9 

43.1 


'^Indirectly preheated fuel is obtained from an advanced concept gasifier (a chemical 
regenerator) heated by a fraction of the MHD exhaust. 

*^General Electric did not include energy charge for ofl-site oxygen plant. If included, 
energy efficiency would reduce to 43.3 percent. 


TAtUE 5.8-8. - COST OF INVERTER SYSTEM COMPONENTS 
IN TERMS OF INVERTED POWER 


Contractor 

MHD system 


Open cycle 

Closed cycle 

Liquid metal 


Inverted power cost, 

8/kWe 

General Electric 
Westinghouse 

Bums and Roe 
(ASEA, Ltd.) 

60 - 70 
49 

^^40 - 50 

70 - 90 
51 

®^40 - 50 

165 - 200 
38 


''"Tui’n-hey” price of system. 
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TABLE 5.8-9. - COSTING DATA ON SUPERCONDUCTING MAGNET SYSTEMS STUDIED 


[Costs include labor but not foundations.] 


Point 

Contractor 

Magnet use 

Total 

Stored 

Weight, 

Cost 

Weight/ energy 




system 

cost, 

million 

dollars 

energj', 

MJ 

tons 

$/kJ 

?/lb 

ratio, 

Ib/kJ 

B 

G.E./Avco 

Open cycle 

43.0 

15 200 

4110 

2.83 

5.23 

0.542 


Westinghouse^ 

(2000 MWe) 

45.9 

7 467 

1840 

6.13 

12.47 

0.493 

3 

MCA 


32.3 

11 790 

2287 

2.72 

7.07 

0.388 

■ 

MCA 

73 Percent of 
lengtli used in 
point 3 

25.9 

9 300 

1815 

2.78 

7.13 

m 



Smaller inlet 
aperture than 
point 3 

27.2 

9 270 

1900 

2.94 

7.16 

0.411 

6 


Smalleivbore 
tube than 
point 3 

14.7 

4160 

988 

3.55 

7.43 

0.478 

■ 

Westinghouse^ 

Comparable 
bore to 
point 6 

15.8 

2 014 

487 

7.85 

16.22 

0.483 


MCA 

Inert-gas 

generator, 

4. 5-tesla peak 

18.9 

6 030 

1361 

3.13 

6.94 

m 

9 

WesUnghouse^ 

Inert-gas 
generator, 
5.0 teda 
peak 

12.9 

1 526 

477 

8.45 

13.53 

0.623 


^Total costs listed are without engineering fees, consti-uction allowances, and design allowances 

sho^v^ in ref. 2 (appendixes A9. 9 and AlO. 2) . 

•1 
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TABLE 5.8-10. - CGST-PER-POUND ASSUMPTIONS FOR SUPER- 
CONDUCTING MAGNETS USED IN MHD GENERATORS 


Item 

Contractor 

MCA 

G.E./Avco“' 

Westinghouse 

Cost, §/ll 

3 

Superconducting material 

9.42 

6.22 

25.00 

(Cu-NbTi) 




Coil fabrication 

2,97 

6.03 

16.00 

Suppox’t-structure material 

2.98 

*^0.80 

1.60 

Support-structure fabrication 

2.00 

’^2.20 

5.40 


^Data obtained from Avco on 10-15-75 (private communication.). 
^Aluminum alloy. 


table 5.8-11. - COMPONENT COSTS aNCLUDING LABOR) FOR 
DIRECT- FIRED REFRACTORY-HEAT- EXCHANGER SYSTEMS 
USED IN OPEN-CYCLE MHD POWERPLANTS 


Component 

FluiDyne 

easel 

G.E./AVCO 
case 1 

Cost, m 

illion dollars 

Materials for pressure ’ 'ssel 

50.60 

12.40 

and refractory bed (also in- 



eludes vessel fabrication) 



Refractory installation 

4.02 

‘■^4. 65 

High-temperature valves 

14,75 

^5.77 

High-temperature piping 

26.51 

^30.22 

Total system 

95.88 

53.04 

Cos $/kWt 

101 

56 

J. — — — — 


^Data supplied by Bechtel Corp. on 9-16-75 (private communi- 


cation) . 
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TABLE 5.8-12. - COSTS FOR WESTINGHOUSE TUBE-AND SHELL 


HIGH-TEMPERATURE HEAT EXCHANGER 
[Base case 2, point l.j 

Cost, million dollars: 


Materials 76.71 

Installation 39.69 

Total 116.40 

Cost, $/kWt 123 


TABLE 5.8-13. - COMPONENT COSTS (INCLUDING LABOR) FOR SEPARATELY 
FIRED REFRACTORY HEAT-EXCHANGER SYSTEMS USED IN 
OPEN-CYCLE MHD POWERPLANTS 


Component 

FluiDyne 
case 4 

G. E./Avco 
case 10 

Westin^iouse 

Base case 1, 
point 1 

Base case 1, 
point 12 

Cost, million dollars 

Refractory materials and pres- 

25.36 

14.70 

27.99 

12.12 

sure vessel(materials andlabor) 





Refractory installation 

1.37 

“4.90 

6.85 

3.04 

High-temperature values 

8.10 

“g.07 

5.76 

3.45 

High-temperature piping 

8.36 

“31.86 

15.79 

13.08 

Total 

43.19 

57.53 

56.39 

,31.69 

Heat transferred, MWt 

792 

1036 

548 

245 

Cost, $/kWt 

55 

' 55 

103 

129 


^Data supplied By Bechtel Corp. on 9-15-75 (private communication). 
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TABLE 5.8-14. - COMPONENT COSTS (INCLUDING LABOR) FOR 
refractory heat- exchanger systems used in 

CLOSED-CYCLE MHD POWERPLANTS 



FluiDyne 

General Electric 

Westinghcuse 


case 3 

case 2 

case 6 



Cost, million dolls 

irs 

Pressure vessel and heater 

51.45 

22.00 

225.84 

High-temperature valves 


“^10.02 

140.90 

Piping 

16.03 

“^48.10 


Refractory Installation 

3.82 

^.04 


Low-temperature tube-and- 

— 



shell argon preheater 



HHH 

Total 

93. GO 

87.16 


Heat transferred, MWt 

1765 

2500 

1820 

Cost, $/k\yt 

53 

35 

229 


‘^Data supplied by Bechtel Corp. on 9-15-75 (private communication) . 
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Cost of elecli-lcUyt mills|kW-hr 



- 2500“ Iv 9 atm 


^Qenerar Electric 
SRG fired, direct 
preheat 


r 2000° F, 

/ 6 atm 


3100“ F, 
15 atm 


r 2500“F.9alm 
j I (various load 
parameters) 


3600“F, 
20 atm 


General Electric 
direct coal fired, 
direct preheat^ 


/ 13 atm 


3I00“F 

15 atm 


WestlnghousB 
/ 3TU fired, 
direct preheat 


Westinghouse direct coal 
fired, direct plus indirect 
preheat, various com- 
buslor temperatures (Tq) j 


lOatm r 2933 “f 

(Tc, 4400“ Fi 


2542“ F, 6 atm ‘ " 

10 atm/ 

Westinghouse direct coal f [red, 

direct 2400“ F preheat for . , , / 

various coal moistures: ^,-P / 7 atm 

As received (13 percent)-;^/,,--— D- — □ 

Dried to 3 percent 6 atm I- 2931 “ F, 12 atm (1^. 4855“ F) 


3180“ to 3190“ F 

3532“ f, 8 atm / 

(Tc. 4580“ Fi-“ 


Overall energy efficiency {coal pile to bus har} 

Ffoure 5, 8 - 3 . r comparison of direct-preheatBd2O(X)-MWe0^^^ Preheatlemperalure and combustor pressure are Indfcaled 




Normalized cost of inverter syslem coaiponenla, 
. of Inverted power 




1: ■ ; " 10 : :.l# ‘ 1 10^ 

Power-Handling Size of inverter modules, MVVe 


Figure 5,;8-5. - Eflecf of pmver-handling size of invarfer modules on normalized costofinverler syslem cpmponBnlS. 
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5.9 CLOSED-CYCLE, INEET-GAS MAGNETOHyDBODYHAMIC SYSTEMS 
by Ronald J. SQvie and Raymond K. Burns 

In the closed-cycle plasma aagnetohydrodynamic (Hp) system an xnert is 

raised to a high temperature in a regenerahive heat-exchanger array ^nj 
seeded with a pure alkali metal to produce the BHD generator working fluid. 
The working fluid must- be essentially free of molecular contaminants with 
their low-lying rotational and vibrational energy levels , Consequently, as 
the generated voltages drive the current through the load and the plasma, the 
olasna electron® are heated to tern peratures substantially above the 
IgSilibrium gas temperature. This nonequilibrium e«ecV greatly enhances the 
electrical cohductivity of the plasma. Glosed-cycle, anert-gas BHD systems 
can attain electrical conductivities at 3000“ F that ate comparable to the 
open-cycle BHD conductivities at 4500“ P. 

noeration at verv high peak temperatures are somewhat reduced. The high 

values of the noneguilibrium electrical conductivity also lead to high power 

densities and allow for smaller BHD generator and magnet systems for 

cgSivalent BHD power outputs. Another advantage of the alkali-metal-seeded, 
inert-gas working fluid is that it allows the usu of refractory-metal 

electrodes, which could greatly simplify the problems associated with 
obtaining long-liyed BHD channels. 

Among the problems associated with the advancement of ^closea-cycle, inert-gas 
Hflb ® systLs are the development of high -tern perat are regenerative heat 
exchanaers that can be operated with the low- impurity carryover required for 
nonequiiibtium ionization. It must also be shown 

obtained to date in high-temperature shock tube experiments can be obtained at 
a realistic temperature (approx 3100“ E) in a steadyrstate configuratio . 

5.9.1 Scope of Analysis 

There were fundamental differences in each contractor's approach to 
inect-aas M KB system s. The contractors differed significantly in powerplant 
configurations Ld approach to evaluating the system^s performance. SumM 
of the key parameters considered are given in tables 5.9-1 and 5.9 2. A 
typical closed-cycle, inert-gas BHD powerplant is schematically shown in 
figure 5.9-1. 

General Electric considered essentially three powerplant cpnfrgurations. An 
BHD topped-steam system using relatively clean fuels (cases_ 1-15 with the 
exLp?ion Of case 3, which is an all-BHD recuperative Brayt^^^ 
direct-cbal^fifed BHD-steam parallel- cycle system _<ca^s_ 
direct-coal- fired BHD topped-steam systems (cases 101 and TJ®_ 

fuels used are solvent-refined coal (SRC, ^fuel^gnversipn efficiency 
or intermedia te-Btu gas (IBTt/, fuel conversion efficiency 

considered to be over-th e-fence fuels. In the parallel- cycle concept, a 
fraction of the combustion energy is transferred to a recu^ta^ve BHD cycle 
through a refractory heat exchanger and the remaining combustion energy is 
transferred directly to the steam boiler. 

The MHO topped-steam system was the only configuration conadered by 
Westinghouse. Westinghouse considered one case (case 4) in JJJ 

an over-the- fence, high-Btu (HDTU) gas. In the 

fuel was a low-Btu (LBTO) gas derived from an on-site gas -f ^er . The gasifier 
is essentially a stand-alone gasifier from the standpoint of the j.esT of the 
power system. It provides its own pressurized air and process steam and 

Llivers^ hot, nearly atmospheric fuel gas to the power 

was cdhsidered to be an advanced gasifier incorporating a pressurized 

fluid! zed bed and hot gas cleanup. 
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The Westinghouse appnoach to evaluating the system performance «as to 
calculate the efficiency for a wide range of generator conditions and to 
optimize the system efficiency for a given generator inlet temperature and 
type of ionization (i.e.j none guilibxiua, cases 1-6; or eguilibriam, case 7) . 
The costs were then calculated for these "efficiency optimized" cases The 
HHD generator adiabatic efficiency and pressure ratio were cjutpurs of 
* s piroceduire. In contirastf General Electric parametFically 
assumed these values and then designed the generator to achieve them> 

The specific values of parameters considered by the contractors for the costed 
points are listed in tables 5. 9-1 and 5.9-2. other quantities not listed in 
We tables but common to both contractors for most cases are an argon inert 
gas with cesium seed as the working fluid, noneguilibrium ionization, t plasma 
turbulence factor of 0.5> and no set limit on the interaetion parameter as 
long as the channel was not allowed to choke. The exceptions are Westinghouse 
case 5 {turbulence factor of 1.0 and interaction parameter Ir^^^ 

Hestinghouse case 7 (thermal ionization) , and General Electric cases 13 and 
102 (turbulence factor = 0.2). 

Both contractors used a 3500 psi/1000« E/ICOO® F steam bottoming plant. 

General Electric used a 40 percent steam- cycle efficiency, which corresponds 
1:0 a regenera tiv.e feedwater heating teaperature ot 232® Fm Hestxnghouse 
assumed an optimistic 45 percent steam-cycle efficiency but did not disclose 
the level of rege ne ta ti ve feedwater heating. (High levels of regenerative 
feedwater heating cannot be used in this application.) 

tV-q-2 Results of hn alYsis 


5.9.2. 1 Overall Comparison 

The results obtained for the capital costs, the cost of electricity, and the 
thermodynamic, pcwerplant, and overall energy efficiencies .are present^ ^ 
tables 5.9-3 and 5.9-4. The cost of electricity iS plotted against the 
overall energy efficiency in figure 5.9-2. The areas identified or the figure 
delineate the results for the different system configurations. The figure 
shows that the highest efficiencies were obtained for the westinghouse 
LBTH-gas cases and the General Electric dixect-coal-firedMHD topping cases. 
The General Electric SHC cases yield the lowest cost of electricity for the 
coal-derived clean-fuel cases, but the overall energy efficiencies^ are quite 
low because of the 0.78 coal-to-SRC conversion efficiency. The figure also 
shows that there are no benefits to be gained by using over-the-fence LBTU or 
HBTO gases or an alL-HHD cycle (G.E. case 3) and that there is a strong 
incentive in terms of coal utilization to use coal directly or m 
close-coupled of integrated gasifiec„ Although the Hestxnghouse gasi^ier_^is 
not closely integrated, it is close coupled so that the power system benefits 
from the sensible heat of the fuel gas. The fuel conversion efficiency is 
therefore much higher than those for the SRG, IBTD, or HBTU over-the-fence 
fuels. ■ ^ 


The ranges of the efficiencies, capital costs, and cost of electricity a^e 
given in table 5. 9-5 fot the remaining system configura tions. , A de^xlea 
breakdown of efficiencies, capital costs, and cost of electricity for so»e 
representative points is given in figure 5.9—3. 

Accoidina to the data in table 5.9-5 and tig-ire 5.9-3, the Westinghouse 
results 'generally yield the higher efficiencies and capital_ costs on a $/kRe 
basis. Figure 5.9-3 shows that Hestinghouse's higher 

the fact that Hestinghouse *s major component costs are about a factor of 2 
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higher than General Electric's for a nearly equivalent powerplant. The items 
included in the major component cost are the furnace and all auxiliary furnace 
equipment, MED generator, magnet, refractory heat exchangers, compressors and 
steam drive turbines, steam generator, inverters, and heat rejection system. 
Tables 5.9-3 and 5.9-4 and figure 5.9-3 also show that the Hestinghouse 
operation-and-maintenance cost estimates were much lower than General 
Electric's. 

To illustrate the effect of the parametric data variations on the 
thermodynamic efficiency, it is plotted against MHD generator inlet 
temperature and generator adiabatic efficiency in figure 5.9-4. All the data 
presented were taken from the General Electric SRC cases. The figure shows 
that for a given powerplant configuration, increases in thermodynamic 

efficiency are realizable at constant temperature if adiabatic efficiency can 
be increased or at constant adiabatic efficiency if it is possible to operate 
at higher temperatures. General Electric cases 9 (thermodynamic efficiency = 

50.2 percent) and 10 (thermodynamic efficiency =• 52.4 percent) indicate that 

increasing the enthalpy extraction can also yield higher thermodynamic 
efficiencies. The westinghouse points indicate a 4.2-percentage-point 
increase as inlet temperature is increased from 3100° to 3800° F, which is 
slightly higher than the change indicated by the General Electric results. 

5. 9. 2. 2 Discussion and Assessment 

The results summarized in the previous section show that there were 
differences in thermodynamic efficiency, overall energy efficiency, major 
component costs, steam bottoming plant efficiency, and 
operation-and-maintenance costs in the contractors' results. These 
differences are discussed in detail in this section by analysis of General 
Electric case 2 and Hestinghouse case 6. These cases were chosen because of 
their similar power levels (approximately 1000 MHe) and generator inlet 
temperatures (3000° to 3100° F) . 

5. 9. 2. 2.1 Ccmpari s on of performance results . - In terms of overall energy 
efficiency, the westinghouse results are generally higher than General 
Electric's results, as shown in figure 5.9-2. This is in part due to the use 
of different fuels, or different methods of utilizing coal, and conseguently 
the different fuel conversion efficiences involved. Comparison on the basis 
of thermodynamic efficiency eliminates this difference due to type of fuel 
firing. However, even on this basis there is a large difference in the 
results, with Hestinghouse 's being higher. There are several reasons for the 
higher Westinghouse efficiency, the most important of which are the use of 
higher MHD generator inlet temperatures and lower pressure losses by 
Hestinghouse and the different efficiencies of the steam cycle and the way it 
was interfaced with the MHD cycle, 

NASA examined these differences quantitatively by making independent 
calculations and changing the parameters one at a time from those used by one 
contractor to those used by the other. The effects of these differences in 
input parameters on the results are illustrated by comparing Hestinghouse case 
6 and General Electric case 2. The thermodynamic efficiency of the KHD/steam 
cycle is plotted against the MHD exit temperature in figure 5,9-5. Curve A 
corresponds to the General Electric parameters and curve E to the Hestinghouse 
results. The actual contractor points are located on the figure and show 
excellent agreement with the calculated curves. Parameters held constant fox 
each of the curves in figure 5.9-5 are tabulated on the figure. Each is 
discussed in the following paragraphs. The loss pressure ratio is defined as 
the ratio of the pressure ratio across the MHD generator-diffuser combination 
to that across the compressor. 
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AS the diffuser exit temperature is decreased, the cycle pressure ratio (and 
HHD enthalpy extraction) increases. As is the case with all Brayton cycles, 
there is a pressure ratio for uhich the efficiency is maximum on each carve. 
As shown in the figure, the HHD exit temperature used by General Electric is 
not at the peak efficiency point but was chosen in order to balance the 
steam-bottoming-cycle power output and the argon-compressor power teguirement. 

A lower exit temperature would have resulted in too little steam-cycle power 
to drive the compressor and the need for some motor drives on the compressor. 

curve B shows the increase in efficiency that would have been obtained by 
using 31C0® F inlet temperature. Curve c shows the further increase in 
efficiency achieved by assuming the value of pressure loss and compressor 
adiabatic efficiency used by Hestinghouse. 

The General Electric procedure was to parametrically assume the value of the 
adiabatic efficiency of the HHD generator- diffuser combination and then, after 
calculating the system performance, to size the generator to meet the assumed 
performance. Westinghouse, on the other hand, included the "design” of the 
ilHD generator as an integral part of their system performance calculations. 
The adiabatic efficiency was an output rather than an input to their 
procedure. For Hestinghouse case 6, the adiabatic efficiency of the 

generator-diffuser combinations was calculated from Hestinghouse data to be 
0.68, slightly lower than the 0.70 assumed in General Electric case 2. This 
adiabatic efficiency of 0.68 does not correspond to the value guoted by 
Hestinghouse, which is Labeled generator ”isen tropic efficiency." The 
Hestinghouse quoted value does not include the dlffuserj also their parameter 
is proportional to the actual temperature change across the generator, which 
includes the effect of heat losses as well as power extraction. The 0.68 
value used here corresponds to the temperature change that would occur in an 
adiabatic generator and is more correctly an indication of the performance of 
the generator in producing power. Curve D shows the efficiency obtained for a 
0.68 generator-diffuser adiabatic efficiency, curves B and D are within 1/2 
percentage point in efficiency; the lower value of generator- diffuser 

efficiency of curve D almost counteracts the effect of the lower pressure 
losses and higher compressor efficiency of curve C compared with curve B. 

All the curves discussed to this point (A to D) were calculated by NASA 
assuming the bottoming cycle performance and interface used by General 
Electric. They used a 3500 psi/1000® F/1000° F steam cycle with regenerative 
feedwater heating to 232” F. The steam-cycle efficiency was 40 percent, and 
the cycle was interfaced so as to recover the argon waste heat from the 
diffuser exit down to 262° F. The argon was further cooled to 80° F at the 
compressor iniol: with this heat being rejected. Westinghouse ^ on the other 
hand, assumed a 3500 psi/1000° F/1000° F steam cycle with 45 percent 
efficiency. They further assumed an argon compressor inlet temperature of 
301° F with one stage of intercooling down to 301° P. The steam cycle was 
assumed to recover the argon waste heat from diffuser exit to compressor 
inlet, the waste heat from the intercooler, and the heat losses from the 
generator and inverter. The cycle performance obtained with these assumptions 
is shown in figuuB 5*9*-5 by curv© E. Figur© 5«9“5 shows that this was th© 
most important difference in assumptions as far as the effect on thermodynamic 
efficiency was concerned. Hestinghouse also chose a value of generator exit 
temperature to obtain maximum efficiency for the assumed parameters. In this 
case, with the use of inteccooling and the Hestinghouse assumptions concerning 
steam cycle, the steam power output exceeds the argcn compressor requirement 
at the maximum efficiency point. Since generator efficiency was an output of 
the Hestinghouse calculations, Hestinghouse would not have obtained the same 
generator efficiency at other generator exit temperatures. For this reason. 
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it appears that the ttestinghouse point is not quite at the maximum of curve E, 
which assumes a constant generator efficiency. 

Since Westinghouse used one stage of compressor intercooling while General 
Electric did not consider intercooling for this case, the pressure ratio of 
individual ccnpressor sections was smaller for the Hestinghouse results. The 
higher adiabatic compressor efficiency assumed by Westinghouse actually 
represents nearly the same aerodynamic performance (polytropic efficiency) as 
that assumed by General Electric when this difference in pressure ratio is 
taken into account. 

The conclusion is that for those cases with similar MHD generator inlet 
temperature, the major reason for the difference between thermodynamic 
efficiency results of the contractors is the cycle efficiency of the steam 
bottoming cycle configuration used and the way it was interfaced with the MHD 
cycle. The General Electric approach was to use minimal regenerative 
feedwater heating in the steam cycle in order tc recover the argon waste heat 
to as low a temperature as possible. Westinghouse, on the other hand, assumed 
a higher steam-cycle efficiency, 45 percent. The Hestinghouse results of the 
advanced steam system indicate a level of regenerative feedwater heating of 
about 500® F to obtain a cycle efficiency of about 45 percent. It has not 
been disclosed by Hestinghouse exactly how such a steam cycle would be 
interfaced with the HHD cycle in order to recover all the waste heat that was 
assumed to be recovered. To recover all the waste heat, it would be necessary 
to use a lower level of regenerative feedwater heating and consequently a 
lower steam-cycle efficiency. Taking their results and merely replacinq the 
45 percent steam-cycle efficiency with 40 percent would reduce the overall 
energy efficiency of cases 1 and 6 by 3.0 and 3,3 percentage points, 
respectively. This, however, is only an approximation of the effect. Had 
they actually used the 40 percent efficiency in their calculations, the system 
probably would have optimized differently, so the decrease might not be quite 
as large. 

5.9. 2. 2, 2 comparison of major component costs . - The major component cost 
difference can be compared by considering the data in table 5.9-6. The data 
in this table represent a breakdown of the costs for Westinghouse case 6 and 
General Electric case 2. The General Electric costs are broken down into the 
major component supplier cost and Bechtel's estimate of the materials and 
labor cost for the component installation. The table shows that the major 
difference is in the refractory heat-exchanger costs. The Hestinghouse cost 
for materials and Labor is $417 million, whereas the G. E. cost is $87.1 
million. The heat-exchanger costs are discussed in more detail in the common 
.1HD components section (section 5,8). There are also differences in the 
ii'verter, steam generator, and furnace costs. The furnace costs should be 
different since the Westinghouse gasifier and coal-handling equipment are 
included in this item. The SRC furnace cost used by General Electric does 
represent a substantial difference in design approach between the 
closed-cycle, inert-gas MHD and the open-cycle HHD systems. The SRC combustor 
for the open-cycle HHD system costs a factor of 40 less on a $/MWth basis. 
The main reason for this difference is that the SRC combustor of the 
closed-cycle MHD system was designed as a conventional furnace, whereas the 
open-cycle MHD SRC combustor was designed as an advanced rocket-type 
combustor. The differences between contractors for the items "piping and 
instrumentation" through "other" in table 5.9-6 represent a difference between 
the contractcrs* approaches that is common to most of the energy conversion 
systems. It is not discussed in this section. 

At the time t-his report was written, the only information received concerning 
the Hestinghouse case 6 heat-exchanger system was that there were 56 heat 
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exchangees and that the matrix size was 2.5 inches by 2.5 inches. The 
<?uch a large matrix for the clean fuel used in this case results in very high 
Jeat-exchJnger costs. In contrast to this approach. General Electric uses 
1/4-inSriameter holes. In addition, a refractory regenerative heat 
exchanaer was designed for a 1000-H«e, inert-gas KHD system as part of the 
NASIV i?-house EGAS program. This system was designed by 

contract with Burns and Roe. The system consisted of 24 units and was 

desianed with a 3/4-inch hole size for an argon outlet temperature of 3100 F. 
EstiLted costs were $93.5 million, or $53,000/MHt transferred to the argon. 
The General Electric and Hestinghouse heat-exchanger systems were $36,000/MHt 
and $230,000/MHt, respectively. The costs estimated by Westinghouse were thus 
more than four to six times as high on a per^HWt basis as the two other 
estimates made for heat-exchanger systems with similar conditions. 

calculations made to determine the effect of using the Fluidyne heat-exchanger 
s?Sm ii Hestinghouse case 6 show that the capital costs and cost of 
Electricity would be reduced to $1 109. 5million and 44.5 mills/kH hr, 

respectively. This represents a 35 percent reduction in the cost of 

electricity. 

The operation-and- maintenance costs used by Hestinghouse seem "Ti^uly low,, 
however, considering the powerplant complexity. The ^o^ts are about the sam 
or even lower than those for an advanced steam plant. The detaiieu 

Hestinghouse data indicate that operation-and-maintenance costs were included 
only for such items as the gasifier, the coal and waste handling systems, and 
tejecllo. syste., .ith no nnti.nt. incln.iod 55* 

to HHD. General Electric, on the other hand, did include a factor for the HHD 
ELEra;.or dCELser and the refractory input heat exchangers. This seems to be 
an omission on the part of Westinghouse. 

5 9.2. 2.3 Discussion of contractors! remits - better csnfigurajions. - 

Although there have been many studies of nuclear-heated, 9as HHD 

systems, the EGAS study represents the first attempt to mate •''och a system 
with fossil-fuel-fired heat sources. Consequently, there was no data base of 
orevious performance and economic studies, and in retrospect it was unlikely 
that the optimum system configuration would have been initially selected in 
the original matrix of points. 

consideration of early Phase 1 results led to the 

flODroaches tc improving performance and/or lowering the system cost. Let us 
fi?EE EoEEidEr cEnEEIl ElEctnc case 101 with an overall energy efficiency of 
r,!rprre“„t! It is ,»lt. u.UK.l, that a dir.=t-=0.1-fir,d 

exchanger can be operated at temperatures above the 3000“ to 3100 F usea in 
this case Consequently, further improvements in cycle performance must be 
desJver tron.’^o,od' gdnasatot pattor.ans. pt a .ota optl.n. cycle 
arrangement. Changing the generator adiabatic efficiency from 0,7 to 0.8 as 
General' Electric has done for cases 1 and 13 would increase the 
efficiency of case 101 to 45.3 percent. A generator adiabat.ic efficiency of 
0 8 is very optimistic. The attainment of a generator adiabatic efficiency of 
0.*8 EEuir require operation of the HHD generator at conditions where the 
plasma turbulence is !:uppressed. 

General Electric has also considered a case with a higher adiabatic efficiency 
f„rrdi?£etort ojd. attan,<..ont .s a part ot Phas. 1. Th. additaonal case 
fcase 102) has been calculated at a base-case level of detail. 
parameters and results are shown in tables 5.q-1 and 5.9-3. compared ^ ' 

^01 EhE inlEt temperature was increased to 3100“ F, the HHD adiabatic 
generator efficiency was increased to 0.78, and the pressure losses decreased 
to 7^5 percent. AlL the steam bottoming cycle regenerative feedwater heating 
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level was reduced to 117<» F. Although this reduced the steam-cycle efficiency 
about 2 percentage points, the efficiency of the BHIl/steam combination was 
increased by this change since the argon waste heat was recovered to a lower 
temperature. 

The results of calculations made by NASA for variations of the HMD generator 
adiabatic efficiency and diffuser exit temperature about the values used by 
G.E. for this additional case are shown in figure 5.9-6. The overall energy 
efficiency was calculated by assuming a combustion loop efficiency and 
auxiliary power requirements equal to those of case 101. The Phase 1 (case 
102) point is called out in the figure. It was chosen at the generator 
pressure ratio for which the steam bottoming cycle power just matched the 
compressor power requirements. As shown by the figure, this constraint 
results in a system efficiency about three-quarters of a percentage point 
below the peak value. 

A minimum temperature difference between the argon and the steam of 30° F was 
assumed in figure 5.9-6. For a diffuser exit temperature above about 1750° F, 
this temperature pinch point occurs at the cold end of the hea t- recovery heat 
exchanger — so that the argon is cooled to 147° F. Below this diffuser exit 
temperature the pinch point is located upstream in the heat exchanger - so 
that the argon cannot be cooled down to 147° F. The dashed lines in figure 
5.9-6 show the system performance if it is assumed that the argon is still 
cooled to 147° F and the pinch point limitation is violated. (At a diffuser 

exit temperature of approximately 1550° F this solution is physically 

impossible since the minimum temperature difference is zero.) 

In addition to the higher efficiency obtained by varying the operating 

oarameters of case 101, significant cost reductions were also obtained for 
case 102 by modifying the plant layout. The mere important modifications were 

(1) To reduce the plant size by shortening the MHD generator and diffuser 
by a factor of about 3. This allowed vertical mounting of these components 
instead of horizontal mounting, 

{2} To re;1iice the number of larye (greater than lO-ft-diam) ducts by 

rearranging the overall plant layout _ . u • i 

(3) To redesign the heat exchangers and to compute the cost of the bracks 

separately for each operating condition 

(4) To increase the magnetic field from 4 teslas to 6 teslas 

(5) To remove all feedwater heating from the steam plant 

With these changes the cost of the plant was reduced from approximately 
$1500/k3e to approximately £1100/kHe. 

Another variation that may be considered is a pressurized combustor loop. By 
using a heat exenanger to transfer heat from the combustion gases at the exit 
of the refractory heat exchanger to the compressed combustion air, and a 
combustion loop pressure of about 4 atmospheres, the temperature and pressure 
of the gas would be such that sufficient power could be produced in a turbine 
to drive the air compressor. The higher pressure level might significantly 
reduce the size and cost of the refractory heat exchangers and 
high-temperature piping in the system. Further cost reductions could result 
from using cyclone combustors mounted in each heat exchanger. General 
Electric evaluated the cost reductions that may be achieved _ by such 
pressurization. Using these initial results an overall energy efficiency of 
47.7 percent and a capital cost of $1017/kWe can be estimated. Areas of 
concern for this particular configuration are (1) operating the gas turhine on 
coal combustion gases and (2) the effectiveness of the stack-gas cleanup 
required to remove sulfur dioxide and particulates. However, these problems 
are not unique to this particular cycle configuration as far as what has been 
considered in the whole of EGAS Phase 1 for other systems. As Long as no net 
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power is obtained from the pressurized combustion loop, the overall system 
performance would be similar to the case with atmospheric combustion. 

To take advantage of the higher eff iCi ■^ncies attainable by increasing the 
generator inlet temperature, a coal-to-clean-fuel conversion system would have 
to be incorporated in the system. The Westinghouse results represent the 

optimum system efficiencies for the plant configuration considered and the 
assumptions made concerning plasma turbulence factor, generator length, etc. 
The results of a previous section have shown that the Hestinghouse estimates 
for the refractory heat-exchanger system costs were very high compared with 
other estimates made as part of EGAS. As a result a reduction in cost of 
electricity of the order of 35 percent might be possible. Further potential 
reductions could result from pressurization of the combustion loop 
heat-exchanger system. It is also possible that integration of the gasifier 
with the powerplant could be used advantageously in obtaining high overall 
energy efficiency, particularly if a pressurized combustion loop is 
considered. This configuration should be examined in future analyses of 
closed-cycle HHD systems. 

5,9,3 Concluding Remarks 

This study represents the first attempt to mate the closed-cycle, inert-gas 
HHD system with fossil-fuel- fired heat sources. The best initial General 
Electric case indicated a rather low overall energy efficiency (41 .8 percent) 
for a high-temperature advanced system and a high cost of electricity (61.6 
mills/kff-hr) , However, review of the contractors' results indicated that 
their results could be significantly improved. Indeed in the Phase 1 study 
the powerplant layout was subseguently modified and the operating parameters 
changed, and the best General Electric efficiency was increased to 46 percent. 
The costs were reduced to 45.6 mills/ktf- hr. An initial investigation of using 
a pressurized combustion loop for this system was made by General Electric. 
Using these results an overall energy efficiency of 47.4 percent and a cost of 
electricity cf approximately 41 mills/kW-hr can be estimated. A 35 percent 
reduction in the Westinghouse costs may also be estimated. In addition, 
better cycle configurations can be suggested that might be considered in 
future studies. It should be determined if the direct-coal- fired system could 
benefit from pressurization of the combustion loop, optimization of the HHD 
generator performance, and steam plant integration, A system with a fully 
integrated advanced gasifier might also show benefit. 

A major issue that must be addressed, particularly for the coal-fired HHD 
topped-steam system, is the level of contamination in the argon working fluid 
that can be tolerated and still achieve nonequilibrium ionization of the 
gases. Future research in the areas of increasing the MHD generator 
efficiency by suppressing plasma turbulence, increasing the outlet temperature 
of direct-coal- fired refractory heat exchangers, and advanced gasification 
systems would be required in order to obtain the performance levels indicated 
for the highest efficiency cases calculated. 
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table S.9-1. - SUMMARY OF KEY PARAMETERS FOR GENERAL ELECTRIC CLOSED-CYCLE MHD CASES 
[ Eor all cases; Inlet Macli number, 1.5; no set limit on Interaction parameter.] 


Parameter 

Clean-fuel MHD topping cycle 

Direcfc-conl-fircd patallel cycle 

Direot-coal- 
fired topping 
cycle 

Case 







1 

2 

3 

4 

5 

c 

7 

8 

0 

10 

11 

12 

13 

14 

15 

ID 

17 

18 

19 

20 

21 

22 

101 

102 

Power output, MWo 

583 

UG8 

68 

SBC 

587 

587 

582 

5GD 

57G 

520 

508 

G70 

562 

578 

582 

034 

9<18 

OGD 

694 

931 

940 

923 

GOO 

930 

Coal 


Illino 

is i} n 


Mon- 

tiino 

North 

Daltota 

llliiiois ¥ 0 

Mon- 

lana 

North 

Dakota 

nUnols D G 

Coal conversion process'* 

SRC 


urn 


SRC 





Direct 





Inlet pressure, atm 

10 

10 

10 

■ 

10 

10 

20 

10 

ID 

m 

10 

10 

10 

■ 

10 

10 

10 

10 

10 

20 

10 

10 

10 

10 

Inlet temperature. ‘*1' 

3000 

30QD 

3UU0 

.8000 

3000 

8000 

3000 


3500 

38 00 

3000 

3000 

3000 

3000 

8000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3100 

Magnetic field strength, T 

■ 

■ 

■ 

■ 

3 

■ 

■ 

■ 

■ 

G 

■ 

■ 


■ 

■ 

■ 

■ 

■1 

■ 

G 

■ 

■ 

m 


'I'lirblnc effectiveness 

jHIQ 




0.7 

0.7 

D 

D 

0.7 


D 

0. f> 

IS 


0.7 


0.7 


0.7 

0.7 


jjj^Q 

jj^Q 

0.78 

Cesium seed content, percent 

■ 



0.15 


0.15 

QH 

0.15 


0,15 

0.15 

0.15 

0.15 

0.15 

0.15 


0.15 

0.15 

0.15 

0.15 


0,15 


0.30 

licat rc)cctlon maUiod 
(coolini^ tower) 

w 


Drj’ 



Wet 

Dry 

Wet 

Dry 

Wet 


‘^SRC = solvent— rufJncd coal; IBTU - intcrmcdiale-Blu gas. 




























































































TABLE 5.9-2. - Sl'MMARY OF KEY PARAMETERS FOR WESTINGHOL'SE 
CLOSED-CYCLE MUD CASES 

[Clciin-fuul MllD topping cycle: heul rejection method, wet cooling tower.] 


Parameter 

Case 



1 

2 

3 

4 

5 

6 

7 

Power output, MWe 

9G4 

977 

976 

988 

959 

962 

958 

Coal 

Illinois itC 

MonUuia 

North 

Illinois #G 





Dakota 





Coal conversion process*' 

LBTU 

HBTU 


LBTU 


Inlet pressure, atm 

9.27 

9.27 

9.27 

9.27 

10.26 

10.82 

7.33 

Inlet temperature, F 

3800 

3800 

.3800 

3800 

3800 

3100 

3800 

Inlet Mach number 

0.9 

0.9 

0.9 

0. 9 

1,2 

0.9 

0.5 

Magnetic field strength, T 

5 

5 

5 

5 

5 

6 

6 

Turbine effectiveness 

0.724 

0.724 

0.724 

0.724 

0.65 

0.68 

0.78 

Interaction pai’ameter 

(b) 

(b) 

(b) 

(b) 

=50.5 

(b) 

(b) 

Cesium seed content, percent 

0.10 

0.10 

0.10 

0.10 

0.15 

0.05 

0.50 


‘‘lbTU = low-Btu gas: HBTU = high-Btu gas. 
^No sot limit. 
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TABLE 5. 9-4. - SUMMARY OF WESTINGH OUSE CLOSED- CYCLE MUD RESULTS 
[Clean-fuel MHD topping cycle; time to construct plEmt, 8 yr.j 


Parameter 

Case 



1 

2 

3 

4 

5 

0 

7 

Power level, MWe 

964 

977 

976 

988 

959 

962 

958 

Thermodynamic efficiency, ijj.. 

59.3 

59.3 

59.3 

59.3 

54.1 

55.1 

54.2 

pei’cent 








Powerplant efficiency, rjpp, 

45.5 

46. 1 

46.1 

50.0 

41.4 

42.2 

41.3 

pei'cent 








Overall energy efficiency, 

45.5 

46. 1 

46.1 

33.6 

41.4 

42,2 

41.3 

percent 








Capital cost, million dollars 

2207 

2178 

2202 

1667 

2336 

1839 

2093 

Capital cost, S/kWe 

2287 

2228 

2256 

1687 

2434 

1912 

2147 

Cost of electricity, mills/kW-hr: 








Capital 

72.3 

70.4 

71.3 

53.3 

77 

60.5 

67.8 

Fuel 

6.4 

6.3 

6.3 

17,0 

7.0 

6.9 

7.0 

Operation and maintenance 

1.1 

0.34 

0.40 

0.1 

1.2 

1.2 

1.2 

Total 

79.8 

77.1 

78 

71.1 

85.2 

68.5 

76.0 


TABLE 5.9-5. - RANGE OP RESULTS FOR CLOSED-CYCLE MHD SYSTEM CONFIGURATIONS 


Result 


General Electric 


Westinghouse 


Parallel 

cycle 

Direct- coal-fired 
MHD topping 
cycle 

SRC MHD 
topping 
cycle 

l 0 W"iitu gas 
cycle 

Thermodynamic efficiency, Oj., 

43. 9 - 48.3 

49.8 - 55.9 

45.8 - 53.6 

54.1 - 59.3 

percent 





Overall energy efficiency, 

35.2 - 39.1 

41.8 - 46 

28,8 - 35.9 

41.3 - 46.1 

percent 





Capital cost, $/kWe 

1816 - 1886 

1109 - 1551 

1290 - 1535 

1686 - 2287 

Cost of electricity, mills/kW-hr 

70,2 - 73 

45.6 - 61,6 

58 - 65.7 

68 - 85 
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TABLE 5.9-6. - COST COMPARISON FOR INERT-GAS MHD SYSTEMS - BETWEEN 
WESTINGHOUSE CASE 6 AND GENERAL ELECTRIC CASE 2 


Component 

Westinghouse case 6 

General Electric ease 2 

Power, MWe 

962 

1168 

Materials 

Direct 

labor 

Major 

component 

Bechtel 

Materials 

Direct 

labor 

Cost, million dollars 

Furnace 

79.1 

45,4 

46.5 

9.3 

9.44 

MHD generator; 






Nozzle/ diffuser 

1.02 

.84 

5.3 [ 

8.4 

5.9 

Magnet 

36.0 

— 

32. Oj 



Compressor drive turbine 

31.44 

1.39 

27.6 

1.8 

1.9 

Refractory heat exchanger 

361.6 

55.4 

22 

41,4 

23.7 

Steam generator 

47.0 


17.8 

1.2 

2.3 

Steam turbogenerator 

.46 

,1 




Heat rejection system 

4.7 

2.6 

8.0 


6.15 










1 w 



River ter system 

50.1 

6.05 

98.1 


— 

Piping and instrumentation 

7.5 

4.19 


46.6 

17.98 

Civil and structural 

18.8 

18.4 

— 

35.8 

23.3 

Auxiliarj- electric 

9.9 

8.3 


25.0 

14.8 

Auxiliary mechanical 

6.62 

1.68 

— 

27.0 

4.2 

Other 




24.2 

7.2 

Total 

654.24 

144.3 

264.5 

220.7 

116.9 

Indirect labor cost 

73.6 


105.1 


Architectural and 

63.9 


66.06 


engineering services 






Contingency 

87.8 


154.6 


Escalation 

358.6 


310.7 


Siterest 

457.0 


402.9 


Total capital cost 

1839.4 


1641. 5 


Total capital cost, $/kWe 

1912 

1405 
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Figure 5. 9-1. - Schematic of typical closed-cycle, inert-gas f/lHD powerplant. 










Figure 5. 9-2. - Effect of overall energy efficiency on cost 
of eiectricity for closed-cycle, inert-gas MHD systems. 
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Thermodynamic efficiency, 



O Constant Tj^, 3000° F 
□ Constant 0.70 


MHO generator adiabatic efficiency, 


MHO generator inlet temperature, Tj,^. °f 


figure 5. 9-4. - Effect of MHO generator inlet temperature and artiabatic efficiency on 
thermodynamic efficiency - General Electric data. 
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°F 
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°F 


A 
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0.88 

0.845 

0.70 

0.40 
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80 n 
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B 

3100 

.88 

.845 

.70 



1 
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C 

j 

.90 

932 

.70 
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to 262° F 

D 
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.932 

.58 
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.932 

.68 
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One 
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^Westlnghouse 


Diffuser exit temperafure, °F 

Figure 5.9-5. - Comparison of thermodynamic efficiency data 
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Overall energy efficiency. Voa 



CUUU A/MSf — -- _ 

Diffuser exit temperature, “F 

Figure 5. 9-6. - Performance of closed-cycle MHD/steam system. 
MHD cycle conditions: Inlet temperature, 3100° F; compressor 
inlet temperature. 80° F; pressure loss. 7. 5 percent. Steam 
bottoming cycle conditions: 3500 psi/lOOO® F/1000° F; feed- 
water temperature. 117° F. 
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5-10 LIQUID-METAL M AGNETOHYDHODTNAfllC SYSTEMS 
by Rena Id J. Sovxe 

The alternate types of liquid-aetal nagnetohydrodynaaic [HHD) systems are 
discussed in the introduction to the open-cycle section (section 5.8.5). The 
only type considered in this study was the two-phase-flow, liquid-aetal MHD 
power cycle using an inert gas as the primary thernodynaaic working fluid and 
a liquid metal as the elec trod ynaaic fluid in the MHD generator. A typical 
schematic diagram of the binary liquid- metal/ steam cycle is shown in figure 
5.10-1. 

In the two- phase-flow systea, the gas and the liquid metal are mixed and the 
Mixture enters the HHD generator as a foam-lixe substance. The expansion of 
the gas drives the liquid aetal across the magnetic field, and electric power 
is generated. The two phases are then separated, and the liquid aetal passes 
through the cembustor and back to the mixer. The liquid-metal drive is 
supplied either by the nozzle/diffuser combination or a liquid-metal pump. 
The inert gas flows through the steaa boiler and inert-gas cooler and is then 
compressed, heated, and returned to the mixer. 

The unique feature of the liquid-aetal MHD systea is that the gas expansion in 
the HHD generator is nearly isotheraal. This occurs because of the relatively 
high mass flow rate of liquid metal to gas and the fact that heat is 

transferred from the liquid metal to the gas during the expansion. The 

liquid-metal MHD systeas operate at relatively low temperatures (1200® to 
1500° F) and, consequently, many of the high-temperature materials problems 
associated with the open-cycle and inert-gas MHD systems are avoided. 

Some of the disadvantages associated with this system are the large amount of 
compressor power required and the low-voltage, high-current output from the 
MHD generators. 

5.10.1 Score of Analysis 

General Electric and Hestinghouse approached the liquid-netal HHD systems in a 

similar manner. Both contractors considered a two-phase, liguid-metal MHD 

(LHMHD) power cycle that used an inert gas as the primary thermodynamic 
working fluid and a liquid metal as the electrodynamic fluid in the HHD 
generator. General Electric used helium/sodina (He/Na) in the majority of 
cases, and Hestinghouse used argon/sodium (Ar/Na) . Summaries of the key 
parameters considered are given in tables 5,10-1 and 5.10-2. 

The basic powerplant configuration considered by both contractors was the 
binary LHMHD/steam cycle. However, both contractors did consider 
configurations with no steam bottoming plant. General Electric case 17 is a 
dual cycle using a gas turbine to drive the compressor, Hestinghouse case 13 
is an all-LKHHD system with an electric motor cenpressor drive, and their case 
4 is an open-cycle HHD system topping a LNHHD system. Both contractors also 
used a steam bottoming plant with little regenerative feedwater heating and 
having efficiencies in the range 37.5 to 39.5 percent. Liguid-metal pumps 
were used to circulate the electrodynamic working fluid in all cases except 
G. E, case 101 and Hestinghouse cases 11 and 12. General Electric case 101 and 
Hestinghouse case 12 used the nozzle /separator /diffuser combination to 
recirculate the liquid metal, and an electromagnetic pump was used in 
Hestihghouse case 11, 

Both contractors used modularized MHO generators that were operated 

hydraulically in parallel and electrically in series. The series connection 
is necessary to attain a reasonable voltage level for the inverters. General 
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Electric used 11 MUD (nodules in °a= 39^^ ‘^^KsUngh^us^usefi 

.idule was 47.3 «‘^e, anu the t-rn>xnal voltage 3*^; J' .erSal voltage was 

modules with a power per module ot 62 MWe, and the 

approximately 5C0 V. 

.. UT s in 1 and 6 10-2 show that the contractors' approaches to 

r, 4:rr„;^ 

re'n/rri'rircr/ic'Lrs ,.ri?tlo.= in co.bn«or, lu,l. or po.or level 

Ld not variations o£ the basic liquid-metal system. 

5.10.2 Resu lts of Analysis 
5.10.2.1 Overall Comparison 

The results chtained for the capital SiclLcier^ S^'‘pUsen?td in 

overall energy efticiency i» tiinr. 5. '>>-|- I.roeitr'ltH .o.l of the points 
energy efficiencies range fro. , 1 ,„ show, that, .bile the 

being in the range 33 to 39. p ' r, a.|^p r-osts differ significantly. The 
cont?actors' are“ifferlnc^ in both the 

data lb t«Kl«» 5.10-3 and 5. 10-u sho. that there these differences ate 

capital costs and operation-and-maintenance cos 
diLussed in detail in the next section (5. 1C. 2. 2). 

According to the results given in integratld gasifier^y ields the 

the use of a low-Btu fuel «^^;,/P^J® 3 ;“Klectric study. However, in these 
lowest cost of power output is generated by gas and steam 

cases more than ha If tne ination, and these results do not give 

turbines in the gasifier-combustor ^ General Electric cases 1 

a true indication of the LHd ^and 16 suggest that improvements in the 

and 101 and Hestinghouse cases 12 and ^6 suqgjsr^^^^^^ efficient 

system performance ®conomics^^^ ^ liquid-metal 

nozzle/separator/dif fuser c to ? indicates that for a given contractor s 

pump ie eliminated. L^lng an all-HHD system or an 

results, there are no nenefits to 3 bow that the higher system 

rf?rclerci:robJi?5;rL‘’rh; hlfh-temperature helium/lithium (He/U) cases are 
accom^aniid by higher costs of electricity. 

5,10.2.2 Discussion and Assessment 

i. v-=.<=iiifc - The results presented in the 

5.10.2.2.1 COMEariion — ^” 7 " efficiencies were comparable but 

previous section showed that ^ in the capital and 
?hat there was a cost“be?SSL contractors. The slight 

operation-and-maintenance I a,-o a result of the different temperatures and 

differences in the and arc not discussed further. The 

system component efficiencies c ^.^is section by considering a detailed 
cost differences are Electric case 3 and Hestinghouse case 9- 

?hTp^^::; SJt^J;s=?ort^h:^e Srer^rf 972 and 950 HHe, respectively. 

The cost comparison between costs arTS^idS into the major 

given in table 5.1Q-5. The f o? the materials and labor 

roTs"^for""fhe^1orpone%t"Lstallation^ /ompi“:r"co%?s 

Tt- ^ approximately 
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$315 Diillicn in their balanee-of-plant costs {iteas "pri«ary piping” through 
"miscellaneous*'), and a difference of about $1.1 billion in the "indirect 
cost" through "interest" items. The $1.1 billion difference in the latter 
items results from the different methods used bf the contractors for 
calculating these costs and the differences in total direct costs. The 
costing methods used by the contractors are discussed in another section (5.1) 
of this report and uill not be discussed here. 

The primary differences in the major component costs are in the furnace, the 
nHD generator and magnet combination, and the power conditioning. The General 
Electric furnace costs appear consistent among the different energy conversion 
systems. However, there are not sufficient data available to lake a detailed 
cost comparison of the contractors* idHilD furnaces. 

The cost differences for the HHO generator and magnet combinations are mainly 
due to the different design concepts used by the contractors for these 
components. In the General Electric approach, each MHD generator has its own 
superconducting magnet. A conceptual design for each generator-magnet module 
was arrived at and costed. The total cost for the system was obtained by 
multiplying by the number of nodules required. In the General Electric plant 
layout used for case 3, fourteen separate nodules are sited parallel to each 
other. 

Hestinghouse approached the NHD generator-magnet design in a manner that 
minimized the major component cost and the amount of liquid-metal and 
high-temperature piping. The NHD generators are arranged in pods concentric 
to the steam generators. Each pod consists of four HHD power modules in a 
superconducting magnet. The magnetic field uniformity required for each HHD 
generator is obtained by using iron pole pieces to shape the magnetic fields. 
The pole pieces are intimately connected to the HHD duct insulating walls and 
also serve as part of the pressure containment structure. Hestinghouse also 
used a reinforced (ribbed) plate construction for the structured housing of 
all pressurized components in order to obtain minimum weight designs. Because 
of the different materials used for the HHO generator structure, the different 
magnetic fields considered, and the design approaches used, the costs of the 
NHD generator-magnet combinations are understandably different. For an 
equivalent magnetic field strength, the Hestinghouse magnet coafiguEatlon 
would cost about half as much as the General Electric magnet configuration. 

Inverter costs were $39/kHe for Hestinghouse and $200 /kHe for General 
Electric. These costs are discussed in detail in the conmon HHD components 
section (section 5.6) of the open-cycle NHD section. The main difference 
between the ccnttactors* Inverter costs is that General Electric required the 
inclusion of direct-current circuit breakers as a protection against 
short-circuit currents that might accidentally occur. The Hestinghouse design 
did include alternating-current circuit breakers but did not regnlre the 
costly direct-current circuit breakers. The use of direct-current breakers or 
alternating-current breakers requires further investigation and selection of 
proper approach. Ic is possible that they may not be required for the LHHHD 
systems because a short-circuit current could cause the HHD generator to 
"choke" and hence turn Itself off until the problem is rectified. If inverter 
costs of $200/kWe are truly required for LHHHD systems, they would be at a 
severe cost disadvantage when compared with other systems in the same 
efficiency and temperature range. 

The differences in the balance-of-plant items cannot be reconciled. These 
numbers ace the architectural- and-engineering companies cost estimates from a 
single poweiplant layout. The Hestinghouse approach of nininlzing the 
component sizes and the amount of high temperature and liguid-aetal piping 
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should result in lower powerplant costs. The (leneral Electric approach, with 
the 14-parallel-MHD-tiodules arrangement, would require large amounts of 
liquid-metal piping and manifolding. however, since the Phase 1 effort was 
not intended to yield an extensive delineation of balance-of-plant items, the 
balance- of— plant cost differences for the LHHHD systems cannot be reconciled. 
Optimization of the powerplant arrangement and component designs might 
substantially reduce the General Electric costs. Bestinghouse costs appear 

quite optimistic considering the number of working fluids used and the overall 
complexity of the LMHHD powerplants. 

The data in tables 5.10-3 and 5.10-4 show that Hestinghouse* s 0 and n costs 
ate significantly lower than General Electric's. In the Kestinghouse 
calculation of 0 and n costs, operating costs are included for the heat 
rejection, fuel handling and storage, and water treatment systems only, 
consequently, the Westinqhouse o and M costs are probably underestimated tof 
powerplant as complex as the LNMHD systems considered in this study. Indeed, 
the 0 and H costs listed in table 5.10-4 are the same as those for the 
Westinqhouse advanced steam systems. 


5.10.2.2.2 Discussion of contra ctors* results . - The results presented in the 
previous sections Indicate that the overall energy efficiencies for the LHflIHD 
systems are relatively low for an advanced energy conversion system. The 
costs of electricity varied considerably between contractors. General 
Electric estimated COE's about three times that of the advanced steam system. 
Westinghouse's estimates were about 1,5 times that of the advanced steam 
system. The General Electric costs can be reduced by optimizing the design 
and arrangement of the system components and even eliminating some of the 
components. For instance the helium precooler and recuperator could be 

eliminated from the General Electric system with little effect on the overall 
system efficiency. The net effect of the economic optimization eannot be 
ascertained at this time. However, it is reasonable to assume that this plant 
will not be cheaper than a steam plant. Consequently, It must be shown that 
higher overall energy efficiencies can be obtiined if this system is to 
warrant further consideration for base-load, eoal-fired applications. Indeed, 
even with the low Hestinghotise costs, Westinqhouse did not recommend a further 
detailed study of this system, 

fit the temperature limits dictated by present sodium technology (1200*> to 

1300"> P) the highest overall energy efficiency presented by the contractors 
was 37.3 percent. An inspection of the contractors* results indicates that 
the maximum potential efficiency at these temperatures would be approximately 
40 percent. This is assuming a generator isentropic efficiency of th'? 

development cf a highly efficient nozzle/separator/dif fuser, and optimistic 
system component efficiencies. The overall energy efficiency is limited to 
this value at these temperatures because the liquid-metal MHp system cannot be 
effectively coupled to an advanced steam plant, due to ® 

in the steam boiler. Both contractors found that the highest LMHHD/steam 

system efficiencies were obtained by using a steam plant wifh 

regenerative feedwater heating and with the steam reheat energy being supplied 
by the combustor. The adverse effect of this coupling is twofold. The 
thermodynamic efficiency of the steam bottoming plant is limited to the range 
37 to 39 percent, and the system does not derive the full benefit of the 
topping cycle because a portion of the combustion energy is transferred 

directly to the steam plant. 

At the higher temperature considered in this study (1500® F) . these 

nay be alleviated. Westinqhouse has calculated an overall eney9Y 

of 43 percent by assuming that the sodium technology was extended to ^500 F 

and that the system could be coupled to a u5-percen t -efficient steam plant. 
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However, the sodium vapor carryover could be a considerable problen at <^h«se 
temperatures. Only a few of the higher tcnFeta ture systems were considered by 
the^contcactors in this study. The possibility of a 

advanced steam plant at the higher temperature and resolution of the large 
differences i! GoU estimates between the contractors require more-detailed 
component design and plant integration optimization. 


5.10.3 Concludin g Be marhs 

This study represents an initial attempt to couple the liguid-metal MHT> cyel® 
to fossil-fuel-fired heat sources. Consequently, «as not likely that the 

study would yield the optimum system. However, it is not expected that the 
rjrrlll en;rg7 efficiencies obtained at the 120Qo to 130QO F te.perat^es 
dictated by present sodium technology can be changed significantly. The best 
overall energy efficiencies obtained for the cases considered by th 
contractors at these temperatures were in the range 3U to 37.3 percent. The 
development of a highly efficient nozzle/separator/diffuser, an HHO generator 
with a 0.80 isentcopiG efficiency, and efficient system components coulj 
reLlt in overall energy efficiencies neat 40 P®'^®®»^* J**®, 

elfikeney appears to be limited to this value because the lipid-metal HHD 

topping cycle cannot be effectively coupled to ® 

these temperatures because of a pinch- point problen in the steam boiler. 
JeltinghouSe has shown that a 43 percent overall energy efficiency can be 
obtained if the sodium technology can be extended to 1500® F and an effective 
coupling can be made with the steam bottoming cycle. 

There was a significant difference in the cost of ‘>®J‘'®f. 

contractors' results. The General Electric costs ranged 

mills/k'd-hr. The Hestinghouse costs ranged from 33.9 to 66.2 mllls/kw nr. in 
boti casL til higher Lsts were associated with the temperature 

systems. These cost differences could not be totally reconciled from the 
contractors' data. The Westinghouse costs are probably somewhat optimistic, 
and the General Electric costs might be substantially reduced by optimizing 
the major component integration and powerplant layout as Hestinghouse has 

done. 


Because of the large unreconciled cost differences and 
the steam plant interface problem can be alleviated at 
further studies of these high- tempera ture systems should 
in any further assessment. 


the possibility that 
higher temperatures, 
focus on these areas 
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TABLE 5.1'0-1. - SUMMARY OF KEY PARAMiETERS FOR GENERAL ELECTRIC LIQUID-METAL MH'D CASES 


[Maximum void fraction, 0.85; compressor efficiency, 88 percent.] 


»• — — -‘—i 

Parameter 

Case 

■ 





1 


a 

D 



D 

8 




D 

13 



IG 

17 

101 

Power output, MWe 

486 

243 


m 





■1 




489 

479 

B 

477 

509 

559 

Coal 

Illinois tl 








Illinois li'G 

Coal conversion process^ 

APB-d 

Irect 


P'F - LBTU ' 

PF- 

HBTU 

P PB - 
direct 


A PB - di rect 

Working fluid 

Helium/ sodium 

Helium/ 

lithium 



licliu 

m/ aodi 

um 


Inlet temperature, 

1300 

Bl 

1300 

1300 

1300 

1300 

1300 

1130 0 

1300 

1300 

i 1400 

1500 

1300 

B 

1300 

1300 

1200 

1300 

Inlet pressure, atm 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

■1 

100 

50 

SO 

50 

50 

50 

Magnetic field strength, T 

1.13 

1.13 

0.97 

1.13 

1.13 

1.13 

1.13 

1.13 

1 . 13 

1.13 

1.15 

1.18 

1.95 

1.13 

1.13 

1.13 

0. 92 

1 . 13 

Isentropic efficiency, 
percent 

80 

80 

80 

80 

80 

80 

80 

80 

80 

80 

80 

SO 


78 

80 

80 

80 

80 

Liquid-metal drive 






Liquid-metal pump 



Nozzle/ 

diffuser 

Heat rejection method 
jcooting tower) 

Wot 

Dr>' 

Wet 













































































































l ABLE 5.10-2. - SL'MMARY OF KEY PARAMETERS FOR WESTINGHOWSB UQUI'D-METAL 


fO 

lo 

'O 


o 2 
o 

8g 

!0f 



MliD CASES 

[Maximum void fi’action, 0.85j inlet pi'essure, 82.8 atm.J 


Pa nimcter 

Case 

4 

8 

8 

9 

11 

12 

13 

14 

! 16 

Power output, MWe 

947 

951 

950 

950 

948 

951 

954 

949 

949 

Coal 

Illinois #)! 

Coal combustion process 

Open- 

cycle 

Mini} 

nuidized bed - cyclone 

Working 11 aid 

A 1 gon/ 
.sodium 

liellum/ 

lithium 

Aiii(on/sodlum 

inlet tempcfiilLirc. *^F 

1200 

1500 

1.500 

1200 

1200 

1200 

1.500 

1500 

1200 

Magnetic field strength, T 

0, 5.5 

1.2 

BB 

0. 55 

0. .5.5 

0,55 

m 3 

0.,55 

0.55 

Lsentropic et'l'iciency, pei’cent 

75 

75 


85 

^3 

mm 

80 

80 

■1 

Li(|iiid-metal drive 

Liquid-metal pump 

EM 

pump 

Nozzle/ 

diffuser 

Liquid-metol pump 

Compressor eflicieney , 
percent 

■ 

85 

85 

87. 5 

85 

85 

86 

87.5 

85 

Meat rejei^tion method 
(cooling tower) 

Dry 

Wet 


Wet 












































o o 


Q 5 


Power output, MWe 

Thcnnodyniimif oirioiency, 
percent 

[>owt> ipliiii t ef fie itmey , 

>1,,,,. Percent 

llvenill clU’if'.v clficicncy, 

"<>«• 

t'lipiliil cost, niillfon clolliirs 
Capital cost, l?/k\Vc 

Cost of electricity, niilla/kW-hii 
CapiUil 
l'’iiel 

Operation anti maintenance 
'I’otal 

Tittit* U> consti'iiel plant, yr 


TABLE 5. 10-3, - SUMMARY OF OENEllAL ELECTRIC LIQUIIJ-METAL MUD RESULTS 


Case 


8 9 


-I8(j a-t3 972 48.'5 188 1148 120.3 1230 i37 1 002 4 8 5 4 8 0 489 4 7 9 486 477 509 5!>4 

4.1.8 43.8 43.8 43.8 43.8 43.8 43,8 43. 8 43.8 43.8 45.2 40.0 43.6 43.1 43.8 43.8 34.9 44.2 

30.2 30.1 36.2 35.1 33.9 33.0 33.9 33.8 .34.2 36.4 .37.3 38.5 35.9 35.6 36.1 35.5 28,4 30.7 

30.2 30.1 30.2 35.1 33.9 33.(5 33.9 33.8 17.3 30.4 37.3 38.5 35.9 35.0 30.1 35.5 28.4 30,7 


Hi 

D 

972 

485 

43.8 

43. 8 

30.2 

35. 1 

3(5.2 

35.1 

2505 

1 184 


1182 5S2 2505 1184 1187 10.58 1773 1820 1017 1208 1232 1477 1151 1102 1182 1189 1245 1182 

2132 239(5 2577 2441 2430 1445 1473 1484 1780 1824 2539 3039 2353 2120 2433 21911 2149 2114 

70.9 75.8 81.5 77.2 70.8 45.7 40.0 40.9 .5(5,3 57.7 80.3 90.1 74.4 70.7 70.9 78.3 77.4 

8.0 8.0 8,0 8.3 8.0 8.(5 8,0 8,0 25.9 8.0 7.8 7.5 8.1 8.2 8.0 8.2 10.2 

4.2 5.0 3,8 4.2 4.2 3.7 3,7 3.4 3.1 3.5 4.8 0.7 4.1 4.1 4.2 4.3 4.1 

89.2 89.4 93,3 89,(5 89.0 .58.0 58.9 59.0 85.3 (59.1 <12.9 110.3 86.5 89.0 89.2 ‘J1.3 91.7 




































TABLE 5. 10-4. - SUMMARY OF WESTINGHOUSE LIQUID-METAL MHD RESULTS 


Result 

Case 

n 

6 

8 

9 

11 

m 

13 

14 

16 

Power output. MWc 

947 

951 

950 

950 

948 

951 

934 

949 

949 

Thermod 3 'naniic efficiency. 

(a) 

43.4 

42.0 

43.9 

40.6 

42.9 

36.4 

45.7 

40.0 

i)^. percent 










Powerplant efficiencj'. 

29. G 

37.5 

36,2 

37.3 

34.5 

36.4 

.31.0 

39.4 

34.3 

')pp» percent 










Overall energy efficiency. 

29.6 

37.5 

36.2 

37.3 

34.5 

36.4 

31.0 

39.4 

.34.3 

*’ou’ 










Capital cost, million doUars 

1318 

1728 

ills 

809 

834 

751 

2042 

1106 

894 

Capital cost, $/kWc 

1392 

1817 

1177 

852 

901 

790 

2140 

1165 

943 

Cost of electricity, mills/kW-hr: 










Capital 

44.0 

57.4 

37.2 

26.9 

28.5 

25.0 

67.6 

36.8 

29.8 

Fuel 

9.9 

7.8 

8.1 

7.8 

8.5 

8.0 

9.5 

7.5 

8.6 

Operation and maintenance 

0.9 

0.9 

0.9 

0.9 

0.9 

0.9 

0.9 

0.9 

0.9 

Total 

54.8 

66.2 

46.2 

35.6 

37.8 

33.9 

78.0 

45.2 

39.3 

Time to construct plant, 3 'r 

8 

8 

8 

8 

8 

8 

8 

8 

8 


^Not applicable. 
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TABLE 5. 10-5 - COST COMPARISON FOR LIQCID-METAL MHD SYSTEMS - 
BETWEEN WESTINCHOl-SE CASE 9 AND GENERAL ELECTRIC CASE 3 


Component 

Westinghouse case 9 

General Electric ctise -3 


Materials 

Direct 

Major- 

Bechtel estimate 



labor 

component 






cost 

Materials 

Direct 






lalior 



Cost, 

million dollars 


Furnace 

(iS.O 

29.8 

no 

1 

41.6 

25.4 

MHD }£enerator; 







Nozzle/cliffusor 

4.3 

1.7 

24.8 1 


14.3 

9.1 

Majmcl 

.9 

.3 

11.7J 




Waste heat boiler 

23.9 

9.5 

2.3.2 

1.3 

2.8 

Liquid-mcliil pump drive 

49,2 

3.4 

45.9 

.9 

2 

Low- tempo mtu rc-a i r liea te r 

.*>. u 





Compressor/ turbine drive 

9.0 

0. !) 

25.4 




Steam turbogenerator 






Cooling tower svstem 


3.7 

8.6 

— 

0.6 

Power contlltioner 


8.0 

214.3 

— 


Primary piping 

1.2 

. 5 

— 

.34 . 1 

18.2 

Piping and instrumentation 

12.0 

6.8 


71.7 

2"L 2 

Auxiliary electric 

7.0 

6.2 

— 

38 . 4 

18.7 

A uxil ia ry mechanical 

5. 1 

1.4 



5. 1 

Civil and structural 

12. (j 

12 . S 

— 



Miscellaneous 


— 



■9 

Total 

251 

88.8 

470.2 

bdI 

1 16.2 

Indirect labor costs 

43.3 


131.6 


Architectural and 

2' 

7.2 


92.7 


engineering services 






Contingency 

37.3 


236.0 


Escalation 

157.2 


474.1 


Interest 

199. S 


61 4 . 7 


Total capitiil cost 

809. 1 


2506.1 
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Westinghouse ^G.E. 

(all MHO) ° ((Joint loi) 


G.E. 

(PFB) O vOeslinqhouse 



Figure 5. 10-Z - EKect of overall energy efficiency on cost of 
electricity for liquid-metal MHO systems. 
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5.11 FUEL-CELL PQHSSPLMiTS 
by Marvin Warshay 

Fuel cells offer the potential for high-etticiency generation of electricity. 
These elect rochemica 1 devices are not Carnot-cycie limited as arc conventional 
thermodynamic cycles. 

In particular, fuel cells that operate at high tempptatur»'s (120C« to 1300® F) 
tit well into the RCAC study framewotit. They are quite suitable as largo 
base-load utility powerplants. In fact, their high-quality waste heat is best 
utilized in large systems. Waste heat can be used either by a bottoming cycle 
or by a coal gasifier, or in some cases by both. Further, close integration 
can effectively improve the energy efficiency of the coal conversion process. 

All fuel cells require clean fuels. However, high-temperature fuel cells do 
not require fuels to be clean within extremely narrow tolerances. 
Consequently, their fuel processing requirements are not very stringent. 
Finally, the increase in the reaction cates brought about by high temperatures 
helps the fuel cell to approach its potential for high efficiency. 

All these aspects of the high-temperature fuel-cell systems lead to energy 
conversion systems with very high overall eff iciencies. 

Low-temperature fuel cells are less suited for the primary ECAS utility 
application, that is, base-load power generation from coal-derived fuels. 
First of all, the requirements for clean fuel are much more stringent for 
low- tempera tore fuel cells than for high-temperature fuel cells. Secondly, 
there is less potential for utilization of waste heat in the powerplant at the 
low temperatures. Third, the rate processes are slower at low temperatures; 
polarizatien icsses are significant when operating at desirable current 
density levels. All three of these eonditiens reduce the efficiency of a 
low- temperature fuel-cell powerplant system. 

However, greater potential for low-temperature fuel-cell utility applications 
is foreseen for non-base- load service. Outside the context of EGAS, 
low-tempecature fuel cells are associated with dispersed power generation, 
peaking or intermediate service, load following, efficient use of natural gas 
or petroleum products, transmission savings, total energy savings through 
on-site waste heat utilization, modularity advantages, high efficiency at wide 
load variatietj, the nydrogen economy, etc. 'Fhese potential fuel-cell 
applications ace discussed briefly in section 5,11.2.2.**. 

Previous reports on fuel-cell powerplants have indicated their potential for 
high etticiency. The present EGAS study not only further documents this, hut. 
also adds cost dimensions to the descripticn. 


5.11.1 Scone of Ana l ys is 

5.11.1.1 Low-Temperature Fuel Cells 

5.11.1.1.1 Gener al E lectric treatment . - Two low-temperature fuel-cell 
systems were treated fay G.E., the solid 'olymet electrolyte (SPE) system and 
the phosphoric acid system. The SPE fuel cell received the major emphasis, 
being chosen as the tase case (table 5.11-1) and treated in 10 out of 1** 
parametric variations. In the base case, high-Btu (HBTtJ) gas was used as the 

but hydrogen wss used in over hnlf of the parametriG vaciatxoDs* The 
oxidizer was air in all but one case, in which oxygen was used. 
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The choice of HBTU fuel was dictated by the selection of tte 48-Hfe 

{substation size) pouerplant. This snail powerplant infant 

used at a dispersed site cathec than as a central- station powerplant, 

undoubtedly the first qasified fuel to be transported through gas pipelines 
uill be substitute natural gas, that is, HBTO, rather than a hydtogen-rich 
fuel, uhieh fuel cells prefer. Ho never, the HBTO gas presents fuel processing 
problems, especially for the SPE system. (See fig. 5.11-1 for a typical 
lon-tenperatute fuel-cell schenatic.) 

The base-case SPE fuel cell was operated at 250 

phosphoric acid fuel-cell operating temperature was P. The range of 

current density variation in the study was 100 to 350 A/ft . 

A single eentral-station-sized powerplant case (201 HHe; SPE; on-site 

hydrogen; oxygen) was included in the G.B. study. 

5.11.1.1.2 He s ting house t reatment . - Two low- temperature fuel-cell systems 
were treated by” aestinghouse, the aqueous alkaline (KOH) and the aqueous 
phosphoric acid systems. (Sea fig. 5.11-2 for schematics of the systems.) *n 
appropriate base case for each of the fuel-cell systems “f 
5.11-2). one characteristic that all base cases had, including the ones JEor 
high-temperature fuel cells, was the nominal 25-«Se powerplant size. This 
size selection is in keeping with the first fuel-cell electric utility 
powerplant, the PCG-1. 

The assumed fuel-cell useful life for both low-te.perature ba^ .^^1^ SS 
10,000 hours. Parametric variations covered fuel-cell life up to 100,000 
hours. HBTO fuel and air oxidizer were used in the 

low-temEecatuce cases. Methanol and intermediate-Btu gas (designated medium 
Btu (MBTO) by Hestinghouse but termed IBTO in the EGAS study) were other fuels 
investigated; oxygen was used as the oxidizer in three cases. 

The operating temperatures were 158® F (70® C) for the KOH 

and 375® P (190® G) for the acid system. The KOH base-case current density 
was 100 mA/cm*, with parametric variations up to 250 m A/ cm* investigated. 
(Current densities are commonly reported in either VEf* 9*^ 
latter is 7 percent lower than the former.) The phosphoric acid system 
base-case current density was 200 mA/ema with parametric variations up to 400 
mA/cm* investigated. 

These current densities were a direct reflection of the operating temperatures 
of the two fuel-cell systems. 

Finally, to determine the effects of scale-up, several large powetplants at a 
nominal 900-MWe size were investigated. 

5.11.1.2. High-Temperature Fuel Cells 

5.11,1.2.1 General Electric treatment . - The G. E. EGAS contract had the major 
emphasis on low-temperature fuel cells with only a small study of 
bigh-tempe ca tute fuel-c-jll systems. 

General Electric treated the high- temperature (1832® P) zj^onia solid 
electrolyte (SE) fuel cell in four eases, all of which included steam 
bottoming cycles. The fuel was low-Btu (LBTU) gas. 

details of the base case.) However, there was no integration of the LBTO 
gasifier with the powerplant although the capital cost of the gasifier is 
inJiuJeS in the plaSt cost. (See fig. 5.11-3 for a schenatic of the system ) 
Air was the oxidizer in all eases. Two current densities were investigated. 
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200 and 700 A/ft>. The electrolyte thickness was 0.020 inch in three out of 
four cases; for cne case the effect of a fourfold reduction in electrolyte 
thickness (0.005 in.) was explored. The powerplant outputs varied fron 632 to 
1112 Sle. 


5.11.1.2.2 Hestinohouse treataent . - Hestinghouse exanined two 
high-ten perature fuel-cell systens, the aolten carbonate (RC) systen (1200^ to 
1381** P; or 650* to 750* C) and the zirconia solid electrolyte (SE) systen 
(1652* to 2012* P; or 900* to 1100* C). (See fig. 5.11-4 for seheaaties of 
the two systens. ) An appropriate base case was chosen for each systen. (See 
table 5.11-4 for details.) HBTU was the predoninant fuel used for the 16 RC 
caseSf while IBTO fuel predoninated in the 20 SE cases. Additionally. IDTO 
gas and nethanol were investigated in the RC systens. The zirconia SE 
investigation also covered HBTO and LBIO cases. Air was the oxidizer in all 
but two cases. 

In 13 out of 16 RC cases the current density was 200nA/cn*. It ranged fron 
150 to 300 nA/ca* in the renaining paranetric variations. In the SE cases. 
400 nA/cn* was the aost connon current density; the range covered BOO nA/cn*. 

Thinner cell electrolytes were investigated in the Uestinghouse zirconia SE 
study (0.002 and 0.004 cn) than were Investigated by G. K. 

The RC powerplant sizes ranged to 1255 HHe. a case that included a stean 
bottoning cycle. The SE cases, which covered sizes up to 1164 Hire, included 
three integrated powerplant cases. In one case the fuel cell and stean 
bottoning cycle were integrated, in another case the fuel cell and gasifier 
were integrated, and in the last case all three were integrated. The 
gasifier/fuel-cell integration represented a version of Westinghouse *s 
previously studied •’Project Fuel Cell" concept. In this concept, the fuel 
cell is inside the gasifier to naxlnize heat and nass transfer fron the fuel 
cell. 


5.11.2 Results of Anal y sis 
5.11.2.1 Overall Conparlson 

With the aid cf tiqure 5.11-5 an overall comparison of the results of the 
fuel-cell porticn of the parametric study can be nade. The G.E. 
low-tern perature fuel-cell system points are divided into two groups to 
indicate the significant effect of hydrogen fuel. Likewise, the Westinghouse 
high-temperature points are divided into two groups to indicate the 
significant effect of using a steam bottoming cycle and/or integration with 
the gasifier . 

The general conclusions that can be drawn from inspection of figure 5.11-5 are 
as follcws: 

(1) With low- temperature fuel-cell power systems the use of hydrogen fuel 
in place of HBTO gas improves efficiency and lowers the cost of electricity 
(COB). 


(2) The Westinghouse estimates of low-temperature fuel-cell efficiencies 
(with no hydrogen-fuel cases) were all higher than the G.E, overall efficiency 
estimates for HBTO/ait. The Westinghouse estimates of COE tor these same 
cases were either higher or lower than those of G.E, 

(3) The results indicate that, in general. high-temperature fuel-cell 
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systems are more efficient than lov- temperature fuel-cell systems. 

(«) Using a steam bottoming cycle and/or Integration with the gasifier 
results in the highest et f iciencier? obtained with a high-temperature fuel 
cell. 

(5) The estimates by We stinghouse of the high-temperature fuel-cell 
efficiencies for systems with a steam bottoming cycle are significantly higher 
than R.E. 's estimates. 

Additional conclusions based on a closer examination of the results are 
disGussed in the following section. In addition, the present general 

conclusions are more precisely stated and discussed. Finally, it is important 
to state that optimization was not a goal of Phase 1 of EGAS. Optimization 
could result in points with reduced COE. 

5.11.2.2 Discussion and Assessment 

5.11.2.2.1 General, - The general results obtained by both General Electric 
and Westinqhouse in their studies of fuel-cell systems ate as follows: 

5.11.2.2.1.1 Low- temperature fuel cells - G.B. solid-polymer-electrolyte 

systems: In G.E.*s treatment of low-temperature fuel cells, major emphasis 

was placed on the SPE fuel-cell system. The overall efficiency of the SPE 
system operating with ridTti/air at 170® F is only 12.7 percent. The fact that 
the fuel-cell powerpiant efficiency is double that illustrates the heavy 
penalty the fuel ceil pays for coal conversion to HBTD fuel. Significant 
performance jumps to 2i to 25 percent occur when the SPE operates with 
hydrogen/aic. This Is no surprise because fuel cells operate best on 
hydrogen. Also the conversion efficiency to hydrogen is somewhat better than 
to HBTD gas. Nor is it surprising that the best efficiency, 31.1 percent, was 
registered by the 201-MWe system operating with hydrogen/ozygen at 300® P. 
The cost data fur the SPE systems follow the same pattern as the performance 
efficiencies. The highest-cost electricity (55 to 60 mills/AR-hr) would be 
produced by HBTD/air systems, the lowest (31 mills/kR-hr) by the most 
efficient hydroge-i/oxyqen system. In all cases, the fuel cost, which reflects 
powarplant efficiency, is the major component of the COE. For the hydrogen 
cases, both fuel and capital components of COE costs are lower than for the 
HBTU cases. In fact, capital costs for the hydrogen cases are sharply lower. 
The hydrogen-fueled converters do not require costly fuel processing to 
convert the fuel to h ydrogen-rich gas, as in the ease of HBTO. Operating and 
maintenance costs were not high for any of the SPE cases. The cell life was 
assumed to be 100,000 hours for all fuel cells. This assumption is considered 
very optimistic for the 300® F case. 

5.11.2.2.1.2 Low -temperature fuel cells - G, e. phosphoric acid systems: The 

results for the G, E. phosphoric acid fuel cell followed exactly the pattern of 
th!-> SPE results in COE, efficiency, and response to hydrogen or HBTO fuel. 
However, a surprising G.E. result is the mere 4.7-percentage-point powerpiant 
eftiriency advantage for the higher temperature (375® F) phosphoric acid 
HBTU/air system coapared with the SPE system (17o® F) . Fartherwore, the 
results indicate no advantage in efficiency for the phosphoric acid systew 
over an SPE system using hydrogen fuel. 

5.11.2.2.1.3 Low-t eaperaturc fuel cells - Restinghouse phosphoric acid 

systems: vor the phosphoric acid cases, comparisons can be made between the 
G.E, an 5 Uestinghouse results. Restinghouse included a very broad paraaetric 
study almost exclusively devoted to HBTU/air, with no hydrogen cases 

considered. Several similarities as well as differences in the results of the 
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t«o contractor studies stand out. The Mestinghouse results indicate, as did 
G.E.'s results, that the tuel COE component is highest. However, the 

powerplant effieieneies upon which fuel costs hinge are significantly higher 
for Mestinghouse than for G. E. The Mestinghouse powerplant efficiencies for 
HBTU/air eases are approximately 35 percent, compared with 29.8 percent for 
G.E. Also the Mestinghouse overall efficiencies, at approximately 24 percent, 
are about 50 oereent greater than G.E.'s (15.6 percent). This is reflective 
of both the higher powerplant efficiency and the higher gasifier conversion 
efficiency estimated by Mestinghouse. 

However, since both contractors used the NASA-specified cost for 

over-the- fence HBTH gas, a lower or higher conversion efficiency is not 
reflected In the fuel COE in this parametric study. In actual detailed 
designs and in the EGAS system cases integrated with LBTO or IBTU gasifiers, 
the efficiency of the coal conversion process does affect the fuel costs. 

Another significant difference between the n.E. and Mestinghouse HBTU/air 
results is in capital cost. The Mestinghouse capital cost estimates ($339/)tNe 
to 1463/kHe) are all lower than for the G.E. HBTO/ait base case (S570/KHe) . 
The difference is largely a reflection of the much higher fuel processing 
costs for RBTU estimated by 6. E. 

Finally, a contrast exists between the G.E. oxygen case (hydrogen/oxygen SPE, 
case 8) results and the Mestinghouse low- temperature fuel-cell case results 
(BBTO/oxygen phosphoric acid, cases 5 and 16). The Mestinghouse HBTD/oxygen 
systems were more costly and less efficient than the Mestinghouse HBTU/air 
systems. However, the G.E. hydrogen/oxygen system was more efficient and has 
a lower COE than any of the G.E. hydrogen/air systems. Part of the 
explanation lies in the two contractor's treatments of oxygen production. 
Mestinghouse elected to estimate the costs of producing oxygen on site; G.E. 
used over-the-£ence oxygen at an NASA-specified cost of S9/ton. Doing the 
calculation the first way not only resulted in a higher oxygen price, but in a 
significant (from 36 to 29.6 percent) lowering of powerplant efficiency. This 
accounts for the parasitic power required to run the oxygen plant. For 
further discussion of this point see section 5.11.2.2.3.1, a detailed 
discussion of G.E. hydrogen/oxygen SPE case 8. 

S. 11.2.2.1.4 Low-temperature fuel cells - HestingbousK> alkaline (KOH) systems: 
In the Mestinghouse treatment of the alkaline fuel cell, the more-conventional 
reactant scrubbing technique of handling the electrolyte carbonation problem 
was selected. Neither the carbon dioxide rejecting buffeted-base technique 
nor the cyclic decarbonation technique was examined in the Mestinghouse study. 
The Mestinghouse parametric treatment of the alkaline (KOH) fuel-cell systems 
was also almost exclusively devoted to HBTU/air cases. (The only other case 
treated was an IBTU/air case.) Comparing these results with Mestinghouse' s 
phosphoric acid results indicates the following: Despite higher powerplant 
efficiency the KOH system COE*s ace higher. This means capital costs are 
higher for the KOH cases. High capital costs result from (1) higher reactant 
processing costs to handle the carbonation problem and (2) the higher 
fuel-cell stack costs resulting from the lower power density operation (due to 
the lower current density) of this lowest temperature fuel cell (IBS" F). 

5.11.2.2.1.5 High- temperature fuel cells - G.E. zirconia solid electrolyte 
system: The overall efficiencies for the G.E. zirconia he fuel cells (27.9 to 
34.3 percent) are surprisingly low for this highest temperature (1832<> F) 
fuel-cell system. As discussed in the next section, this is primarily 
attributable to zirconia fuel-cell performance, not to lower-than-expected 
steam- bottcming-cycle performance. 
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Ill G E.'s trcataent of fuel cells, their projection of long life {*0,000 to 

100.000 hr) kept the operation and naintenance (0 and H) MB Jo/**foe?"celis 

mills/k«-ht. By contrast, the sestxnghouse O and M COE for fuel ceiis 

fro. 2 to oler 30 »ills/k«-hr. The reason is that in the Bestinghoase 
rdeat^entrf««l-ccll useful life (which is 10,000 hr 
is allowed to vary up to 100,000 hours in the paranetric »ariationa. 

s. 11.2.2. 1.6 High-tenperature fuel cells - Westinghouse *itconia solid 
electrolyte systems; The Westinghouse results indicate a much greater sirconia 
?uel-ceU etileiency in all cases than is estimated by 6.B. hpparently, 
Westinghouse ‘s thinner-cell concept results in much *‘^ 9 k«r ene^ densities 

than the G. E. zirconia concept. The S 5 ImlllTt 

bottoming cycle (ease SE 19) has an overall efficiency of 47.8 percent 

compared^with 31.5 to 34.3 percent for G.B. systems. The 
operates at twice the current density (400 nh/cm*) of 

generating approximately egual voltage (0.56 *^2a?l«ahL« ciseL’ 

Both the capital and fuel costs ate lower for the Bestlnghouse eases. 

Sowever! becaLe of the long 

10.000 hr by Westinghouse), the 0 and H 

much less than that estimated by westinghouse (23 lilU/M-hr) . This cauMS 
the total COE estimate made by Westinghouse to exceed by a snail amount the 
COE for the G. E. case. 

The maioritv of the Westinghouse parametric cases use IBTO fuel because 
Westinghouse bad greater confidence in it than in HBTO gas, there are 

!ore technical data available on the effects of using IBTO gas in the xirconia 
fuel cell. 

5 11 2 2 1 7 High-teiperatute fuel cells - WesUngbouse nolten carbonate 
sill^lsV iL moat interesting Westinghouse molten-carbonate system for 
bllSlMd apFlieation is the IBTO/air system (1200® t) , which produces 1255 
HWe with the aid of a steam bottoming cycle (case HC 4), The powerplant and 
overall efficiencies for this case are very attractive at 54.4 and 45.7 
nercent respectively. For a similar xirconia SE system, powerplant and 
overall'effieiencies ^were 60.2 and 50.6 percent, respectively (case SE 4). 
jnrthese twc cases, the capital, fuel, and O and 8 costs »®ri dose to 

one another, with the 0 and 8 cost being the largest. This prodded » COB of 
40 to 45 mills/kW-hr. To what extent the fuel and 0 and 8 COE s can be 
reduced by a reasonable life projection beyond 10,000 hours is discussed later 

(section 5.11.2.2.3). 

5.11.2.2.2 Sigpifl gaM Hifias i£ S|BS^ 8t«9trtc ^*thft SSiSemcy 

The Westinghouse results show most clearly (table 5,11 5) that etwciem^ 

Increases with fuel-cell tempera tnte. In going from thn lorn tsnpnrmtate 
phosphoric acid fuel cell to the high-temperature uol ten 
finally to the very high- temperature xirconia solid 

overall efficiency almost doubles. These results ate for EBTO Table 

5.11- 6 Illustrates the enhanced overall efficiencies that rteult fton using 

IBTO fuel instead of HBTO fuel and from using a steal bottenlsg ®Tde, in tee 
ffB fB of the two high-tenperature fuel cells. Only the dgh-tenperm tnte fuel 
cnlla have the’ quality of waste heat that can be used by a steam bottonUg 
cKle, and then only with large (900-8We) fuel-cell powetplants. (tee 
increased size affects the phosphoric acid low-tenperature fnel-cell 
powerplant very little.) That most of the increased efficiency Jf® 

bigh-teaperatuie fuel-cell systems comes from integration can be seen in ^*de 

5.11- 7. This table indicates that each of the high-temperature systess gains 
approximately 15 percentage points in overall efficiency through “dng a steau 
bottoming cycle. *^(Wot shown in this table but included in the Bestlnghouse 
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cesttlts are data for both high-teaperatuce systeas that indicate no efficiency 
laproveaents due to siaple scale-up fron 25 to 250 nwe.) 

looking at these tables fcoa the standpoint of COE, the results indicate great 
benefit for the high-teeperature fuel cells fron using a stean bottoning 
cycle. There is no clear COE trend related to fuel-cell tenperature (tables 
5.11-5 and 5.11-6). The benefits of integration are again nost clearly shoun 
in table 5.11-7, cost of electricity is lowered note than 13 nills/KW-hr in 
both high- tenperature fuel-cell systens. (The lower GOE for phosphoric acid 
indicated in table 5,11-6 stens principally fron the lower price of IBTU fuel 
conpared with HBTO fuel.) 

Table 5,11-8, the last in this set of Hestinghouse results, profides soae 
results for various nodes of high-tenperature-solid-electrolyte systen 
integration. The use of a stean bottoning cycle conpared with integration 
with the gasifier seens to be an eff ieiencY/COE trade-off; higher efficiency 
but also higher COE result fron integration with the gasifier. In the third 
case, which has both integration with the gasifier and use of a stean 
bottoning cycle. It is not surprising that the LBTO fuel results in the lowest 
efficiency. Hhat is surprising is that it does not also result in the lowest 
COE since LBTU should be the cheaper fuel. (However, there is no assurance 
that the contractor’s estxnate (which is not explicitly stated) of LBTB cost 
is consistent with the HA SA- specified costs for HBTU and IBTO fuels.) 


The G.E. results (table 5.11-9) also show the efficiency increase in going 
fron the low-tenperature fuel cells to the high- tenperature fuel cells; the 
overall efficiency increases alnost 18 percentage points. This efficiency 
increase with tenperature results fron a conparison that is not entirely 
valid; the high- tenperature case uses a stean bottoning cycle and uses LBTU 
fuel fron a free-standing gasifier instead of HBTD fuel. However, closer 
exanination of the conplete set of G.E. data indicates that the trend is very 
substantially correct. 

Hhile the trend of the G.E. efficiency data in table 5, 11-9 is in agreenent 
with the festinghottse reaults, the absolute values indicate several 
differences between the two contractors* results. These differences are as 
follows: (1) Eestinghouse used a higher conversion efficiency for HBTU 

prodnction fron coal than g.b. (67 percent against 50 percent). (2) 
Vestiaakoose calculated a higher phosphoric acid powerplant efficiency than 
G.B. (36.0 percent against 29.8 percent) . (3) Westinghouse calculated a 

higher overall efficiency for the high -temperature solid electrolyte fuel- cell 
systen (h7.7 percent against 31.5 percent). 

Pron an analysis of G.B. ‘a and iestinghouse^s txeatnents of the phosphoric 
acid systen it appears that the powerplant efficiency difference stens 
principally fron G. B. *s lower fuel-cell efficiescy plus a lower degree of fuel 
cell - feel processor integration. Close Infcegrariou of the fuel cell with 
the fuel processor can increase the conversion efficiency substantially. 

The explanation for the lower efficiencies obtained with the G.E. 
high-teeperature solid electrolyte concept lies in the use of nuch thicker 
cells (0.020-in. electrolyte) than in the Westinghouse concept (0.00158 in. 
(0.004 cb) electrolyte). For this concept G.B. voltages varied between 0.18 
and 0,58 volt conpared with a 0.51 to 0.84 voltage range for Westinghouse. 

To coaplete the discussion of the G.E. results in table 5.11-9, the lower cOE 
value for the zircoaia SE systea werely reflects a savings due to the use of a 
steas bottoaing cycle and Is not possible with the lon“tespecat*irc fuel cells. 
This would be consistent with the conclusion based upon the Westinghouse 
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reaults. 

coBpacing the COB values of G.E. and Vestingboase in tables 
and*5. 11-9 light lead to the specious conclusion that the values ace close for 
both the chcschocic acid and zicconia cases. This is because the G.B. life 
assuBPtions uere nuch longer than the 10, 000-hour iestinghouse life 

assunjtions. 1 closer look at the G.E. and Kilt Lt^ 

capital costs in both G.E. cases but lover O and B costs. These data are 

ezanined in greater detail in the nert section. 

Table 5.11-10 illustrates the dual benefit of using hydrogen instead <»* H”® 
fuel. Osing hydrogen fuel results in higher efficiencies and 
for both the SPB and phosphoric acid lov- tenperature fuel-cell systens. 
Higher overall efficiency is attributable to the »*‘**“®* 

and to the higher conversion efficiency for producing hydrogen fron coal. The 
lower COE*s ate the result of the eliaination of the fuel processor cost. 


5.11.2.2.3 Detailed evaluatio n of "poiiita of in^et^i;. 

results obtained by General Electric and iestinghouse in their studies of 
fuel-cell systeas are evaluated in detail here. 

5.11.2.2.3.1 Solid polymer electrolyte - hydtogen/oiygen - 300® F ; 201 Hie 

(G.E. ease 8): The detailed results for this interesting case are listed in 

* w| _ e 11 — The use of hydrogen fuel has obvious benefits. Osing 
hydrogen/oxygen at the elevated temperature of 300® P (up from 
iJ the highest low- temperature fuel-cell powerplant 

131 1 oercent overall) in the G.E. results. it 31 nillsA*"®*^ 

ilectrieity produced by this 201-Hie powerplant is also the lowest 

all the fuel cells repotted in the G.E. study. The capital cost is $242/kIe. 

lotelttal also exists, as G.E. points out, for further cost reduction 
through sale cf steam, which can be produced froi waste heat. The fuel cell 
operates at a moderate pressure of 115 psi. 

However, the preceding results ate probably optimistic in three areas. First, 
the performance penalty to account for the equivalent fuel required to 
manufacture oxygen will lower overall efficiency. (Efficiency is lowered by 
approximately 4.6 percentage points according to an EISA estimate based »pon 

L"?^reaSJn JbtkaeS from oJygL manufacturers. ^^^raTprSliateS 

effect upon eOE would be to increase it from 31 mills/kl-hr to approximatexy 

37 mills/kl-hr. In their writeup, G.E. mentions the fact that f**® ““ 
NASA-specified $9/ton oxygen cost overlooks 

Second, it is considered highly optimistic that an SPE polymer can be 
developed to last 10d,000 hours at 300® F. General Electric has 
to loof 000-hour life on the basis of an 800-hour test. If 

life at 170® F is 100,000 hours, there is G.E, evidence which indicates that 
ai 300® ; the life m'ust be much shorter. Below a 30.000-hour lif®. ^® ® 
n costs rise steeply. Finally, the projected redaction of current SPE 
fuel-cell costs from approximately $70 or $80/ft* to S16/ft is believe 
optimistic. Achievement of this large a cost reduction while ®®J^ 

pLformanee would require complete success in three major materials areas, 
the SPB polymer, the metallic screens, and the electrode catalyst. 

5.11.2.2.3.2 phosphoric acid electrolyte - high-Btu gas/air - 375® F t®*®* 

c^se 12, 48 Hlei and Iestinghouse case AC 12. 23 Hie): In 

interest, the phosphoric acid fuel-cell systems operating on HBTB/air at® °f 
greatest current interest. Host similar to the United 

lcG-1 fuel-cell powerplant that is proposed for intermediate-peaking service 
Ire c.R^case 12 and Lstinghouse case AC 12. Data for these cases are shown 
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in tables 5.11-11 and 5.11-12. &s vas discussed earlier, the higher overall 
efficiLcy of the aestinghouse treat.ent (23.9 percent for case 

12 coBoated Bith 15.0 percent for G.B. case 12) is attributed prinarily to the 
hiaher^fuel-cell pouerplant efficiency estinate by Westinghouse coupled with 
i«e SfiS°..t%asHl.c concept. The seconj l.pottn.t lie. is the 
eos* The G.E. estiBate of $570/lt»e is nuch higher than 
SJIiinJhoSL's capitalizLion estinate of f371/tae. Before the contingency, 
Slalaticn, indirect, and interest-during-construction costs 
total direct costs (including site labor) ate estiiated at $395/kie by G.E. 
and $276/R»e by Sestinghouse . 

Th.. cacital cost difference between the two contractors' estinates is 
attributable to the fuel processing cost difference. The G.E. estiiate for 
fuel processing is $173/k«e; the Bestinghouse estinate for their phosphoric 

acid system is only J38/We (both before contingency, 

Th*» added cost of a carbon dioxide scrubber (about *14/xwe) in tne 
G E concept and differences in cost accounting between G.E. and Bestinghouse 
OMhot h"r..r for thU l.rg. a diflet.hoa. »" 

Banufacturers and upon engineering design data, it is believed that a.,tual 
costs nay be somewhere between the G.B. and Bestinghonse estimates. 

in the cQE in both treatments is the fuel-cost portion, 29 
“!u?«5-hr Hr 25 “llWhll-hr tot ,.sti»,ho.o.. It i. 

the fuel-cost portion of COE will remain high. The 0 and R portion of COE for 
Bestinahou^e could be reduced by increased fuel-cell life. Hestinghouse case 

3s°^“o,Mo“o;t ut., ihu. =.t. c... 12 ....... 

reasonable projection of the current state of the art. *^® 

lifS assumption for Bestinghouse case 12 would reduce their COE to 

approximately 40 mills/kB-hr. 

11 2 2-3.3 Molten carbonate electrolyte - 1200® F - integrated steam 
hn+tomlna Gvcle - 1255 MBe total - (Bestinghouse case 4): The overall 

efficiency of 45,7 percent (powerplant efficiency, 54.4 percent) reduces the 
efficiency ii_ni 13 mills/kH-hr the reduction is no more than 

half the fuel COE cost of low-temperature fuel cells. It is further believed, 

that a ccaplete integration of the molten carbonate (MC) system with the 

gJsLur Sui yield fu?ther increases in efficiency. The total capital cost 

ITtlZltl for ?he MC system is S492/lcBe. (The iriell as 

S27621CMP 1 The capital cost influences the 0 and M portion, as well as tne 
cost portion, of the 44-mills/lcW- hr COE. In the Bestinghouse 

uncLtain. For all fuel-cell systems, the uncertainty in predicted efficxency 
is much less than the uncertainty in predicted costs, 

htgh-...p...tur. W’f 'tJ4r"d”rct .ii 

tfoDO-hoil. life* bElliglng the COB do., to 3<* to 32 aills/tg~hc. Hohotet* foe 
tf.4 5 » 32 S F syit"r 4 . 01 . fh.n 1000 -ho.t llf.h.. b... de.onstt.t.d o. 
^Sjn-.o,l, oelL. Therefore, . projeotloh to .0,000-ho.r life 1 . pre..ture 
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and tha COE of 40 mills/M-ht already represents a projection. 

d 11 9 2 3 5 Zirconia solid electrolyte - in termed iate-Dtu gas/air - 1832® P - 

- 2,9 «.» !..sun,hou 9 « c.., 

constitutes the Uestinghouse "Project Fuel Cell °5«i f i the 

fuel-cell integration with the gasifier. By locating the J 

gasifier, heat and mass transfer are maximized. This most 
requites expensive alloy steel housings for the fuel cells to 
resistant to the corrosive gasifier environment. This results in high direct 
costs (including the highest site labor costs) of $607/k«e and a total 
capitalizaticn cost of i948/kWe. 

This system produces the highest overall efficiency 

powerplant system, 53.0 percent. This of is 

Ion- fuel-cost portion of COE. In comparing fuel components of COE it is 

important to realize that the 5 mills/kM-hr for this ®«®® ^ ME 

gasifier) is based on coal. In the previous case the f“®l 

was based upon an over-t he- fence IBTII cost. Honever, it is instructive to 
compare the^ sum of the capital and fuel components of COE for 
case 4 this equals 26 mills/kW-hr, while fer the present case, SE 
mills/kii-hc. %he question is whether this difference is attributable to the 
eJpensiJe ahoy steeS! costs in the present case or merely a difference betw^n 
»ASk-specifled lETO costs and the contractor’s cost estimate 

gas from coal in an advanced gasifier. Further is shed m this y 

looking ahead to the next case in table 5,11-14. These results ara for an 
integrated gasifier - SE fuel cell - steam bottoming cycle (lest inghouse case 
SE 19), The fuel cell is not installed inside the gasifier. Therefore, 
expensive alloys are not required for the housing. The power output of 
birjf clfse ?o He 1164 Ee 2 of ca* SE 4. The J®®1 
probably accounts for a slightly lower overall efficiency, 47.8 
bompared with ease 4, 50.6 percent. The two cases are »®^^ 

toth capital and fuel COE components for case 19 equal 33 mills/mw nr 
coiparef wiS til 26 mills/kH-hr for case 4. This lends wight to the 

suspicion that the difference between cases 18 anj « «>« «JsS*thJ 

on the other is associated with the HkSk- specif ied fuel /®"“® 

contractor's cost estimate of manufacturing clean gaseous fuels from coal. 

For case 18 (table 5.11-14), the total COE is ^ .fff 

mentioned in the previous case SE 4 discussion, realistic projections of iit* 

T“i. 9 °n 9 ?or aSirtel.. «0 b.,»r.a 10,000 ho... not ...it 

further research -an d-development work on this system. 

5 11.2.2.3.6 Zirconia solid electrolyte - low-Btu gas/air - 1832® ^ “ 
bottoming cycle - 1064 Mte (Eestinghouse case SE 19) i to complete the 

discussion of this case begun in the prefious section. Its ^ 

capitalization costs ate S454/kBe and $859A*«« respectively. 
thL those of the previous case. However, due to 

attributable to the 10, 000- hour-life fuel cell, the COE is 52 ■llls/ki nr. 
Si i5«;il emciency 'is 47.8 percent. The fuel 

and ultimate fuel-cell life uncertainty, previously dlsensaed, of course apply 
to this system as well. 

e 4. o o li nf VlMfi Of COnStrUCtlOU and dfl^e s£ £glf^gg . 4 aji 

rJJliillJtvr^^kf eipectidT tS oidSr of eitimated dates of commercial 
aiillmbllity follows the order of increasing fuel-cell hMP««tur^ that is, 
the higher *the fuel-cell temperature the later the estinated availability 
date. *Thls bolds for both the General Electric and Hestlnghouse estinates. 
(See the individual data tables for these estimates.) 
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5.11.2.2.5 Speci al teatu res of f uel-ceXl powecplants , - Fuel cells have a 
nuabec of featucesf nany of them unique, that have potentially iaportant 
applications in the utilities industry. (lany of these features can he 
translated into cost credits by utilities cost analysts. Only sone of these 
features ate discussed in this section since aany of then are outside the 
scope of the ECUS study. 

Fuel cells, especially lou-tenperature systens. are very suitable for utility 
peaking and internediate service. Advantage can be taken of the fuel cell's 
constant. or actually increased, efficiency at part load. 
(Characteristically, the fuel-cell efficiency itself increases as the load 
decreases. However . where a fuel processor is part of the powerplant. the net 
powerplant efficiency increase at part load nay be snaller.) By using fuel 
cells to follow the changing load reguirements, that is, bringing the 
fuel -cell unit (or units) on at full rated load at tines and at part load at 
other tines, other utility energy convertors can be kept at their nost 
efficient rated loads a higher percentage of the tine. 

Substation- sized fuel-cell powerplants dispersed throughout the utility 
service area can result in significant savings in transnission costs. The 
tcansnission costs are quite utility specific. However, one ceport (ref. 15) 
estinates that the transnission savings would range between »60/k*e and 
1200/kHe. In addition, another report (ref. 16) points out that the cost of 
underground transnission is 9 to 15 tines that of overhead transnission. 

nodularity is a feature that has several potential benefits. First of all, it 
provides flexibility. substation fuel cells could be provided in various 
nultiples cf the basic nodule without sacrificing cost or efficiency. In fact 
a single nodule, probably considerably smaller than the 25-HH aininun size 
considered by the EGAS study, could be effectively utilized by a snail 
nunicipal cr rural power conpany. 

nodularity also enables a utility to better match capacity growth requirenents 
fcon year to year than with conventional powerplants that have to be added in 
large units. To keep the E/k«e cost down, powerplants have been growing in 
size in recent years. This ties up utility capital in unused capacity for a 
number of years until the growing power reguirenent Batches the new capacity. 
In addition, utilities must be able to predict their growth rates perhaps 10 
years in advance. Otilities reduce the inpact of these difficulties by 
pooling power. Fuel-cell powerplant nodularity provides then with another 
option. 

A final inportant advantage of nodularity is related to systen reliability and 
availability, ihen one nodule out of a secies of nodules making up the 
fuel-cell powerplant is out of service, either because of scheduled 
aaintenance or an unscheduled nishap. the other nodules can continue to 
provide power. In fact the cenaining fuel-cell nodules are usually capable of 
picking up sone of the slack by providing significantly note than their rated 
capacities. There will be sone loss in efficiency of course while the fuel 
cells ace overloaded. 

The final feature of fuel cells Is their potential for total energy savings 
through on-site waste heat utilization. The present EGAS study illustrated, 
for high-tenperature fuel- cell systens, the advantage of using waste heat in a 
steal bottoning cycle or in a gasifier. Also, for low-ten perature fuel-cell 
systens sone of the fuel-cell stack waste heat can be 'ised by the powerplant 
fuel procsBSOC. But there is quite a lot cf unused fuel-cell stack waste 
heat. In their treatnent of the SPB hydrogen/oxygen fuel cell (case 8) G.E. 
showed that a substantial credit could be realized by using stean generated 
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from fu<>l-ceU stack waste heat. This total energy savings concept is not 
limited tc large powerplants. Much saallec fuel-cell powerplants could be 
used to supply not only electric power, but also steaa or hot “ater fro» 
fuel-cell waste heat. This total energy concept could be suitable for 
industrial factories or even apartment complexes. 


Finally, with respect to fuels, it will take a number of years before gasified 
or liouetiod ecal-detived fuels become available. In the mean time, those 
energy convertors that do not use coal directly will have to u^ natural gas 
or petroleum-derived fuels. Although both fuels are not in unlimited supply, 
they will he around for quite some time. In many cases, fuel cells make more 
efficient use of these fuels than many or the other energy convertors using or 
planning to use them. 


11. 3 Conc lu ding Remarks 


S, 11. 3.1 general Trends 

The results of this study of fuel-cell powerplants indicate several general 

(1) Efficiency increases with fuel-cell temperature, that is, proceeding 
from low-temperature fuel cells, to the high- temperature molten carbonate fuel 
ct’ll, and tinally to t.hti vc?ry hxcjti-teinperature zirconia solid electrolyte 
system • 

(2) Scale-up in powerpiant size only results in significant reduction in 
COE when it is accompanied by utilization of waste fuel— cell heat through a 
steam bottoming cycle and/or integration with the gasifier. 


=1.11.3.2 Lew-Temperature Fuel-cell Systems 

For the law- tempe ra t uce fuel-cell systems, the following results were 

obtained. inefficiency and cost of producing the required clean fuels are 
considerable. 


(2) The use of hydrogen fuel results in the highest efficiency and lowest 

COE. 


(3) Operating SPE fuel cells on HBTU/ait at 170® F results in the lowest 
fuel-cell pcwerplatit efficiency, 2S.2 percent, and an overall efficiency of 
12.7 percent as well as quite high CTOS {5R to 60 »ills/kH-hr) . 


(4) On the other hand, operating SPE fuel cells at 300® F 
hvdrogen/cxyqen results In considerable efficiency improvement, to 31. l 
percent oveuall, and the lowest reported COE for any fuel-cell system, 31 
mill.s/kW-hr. However, accounting tor the equivalent fuel requirement to 
manufacture oxygen would reduce overall efficiency to an estimated 26,5 
percent and raise COE to approximately 37 mil Is/ kW- hr. In addition, the basic 
COE costs ptchiDly cetleet an optimistic projection of cell costs and SPF 
polymer life at 300® F. 


(5) The phosphoric acid fuel-cell system, which is closest to 
conuaprcialization for intermediate- peaking service, was treated by both G.E. 
and vpjtinghouse. Their results differed chiefly in gasifier and fuel-cell 
power sy'item efficiencies and in fuel processor costs. For a phosphoric acid, 
40,00C-hour-tue]-cell-lite system, the COE based upon Kestinghouse estimates 
is approximately 4C mills/kB-hr compared with 5? nills/kW-hr estimated by G.E. 
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(6) Alkaline fuel-cell costs are higher than those for phosphoric acid 
fuel-cell systems, for two reasons. First, additional reactant processing is 
reguired to guard against earbonation of the alkaline electrolyte, second, 
because lower power donsities are obtained with the alkaline fuel cell at 15^° 
F than with the phosphoric acid fuel cell at 37S'» P, alkaline fuel cell costs 
are higher. For the alkaline system in the 1C, 000- to 3 0 ,000-hour-life range 
the COE was 50 to 61 mills/kw-hr. 

5.11.3.1 High-Temperature Fuel-Cell Systems 

For the bigh-temperature fuel-cell systems, the following results were 
obtained;: 

(1) The most promising molten carbonate case, utilizing a steam bottoming 
cycle, offered high overall efficiency, 45.7 percent. A reasonable projection 
of life from the present 10,000 hours to the 3o,000- to 50,000-hour range 
results in a projected total COE for this molten carbonate system of 32 to 34 
mills/kH-hr. 

(2) The zirconia solid electrolyte system offers the potential for 
highest overall efficiency of any fuel-cell system, 53,0 percent. 

(3) For the zirconia systems, large fuel-cell powerplants utilizing a 
steam botteming cycle and/or integrated with the gasifier produce electricity 
at high overall efficiency, U7.8 to 53 percent for the cases studied. The 
fuel-cell - steam bottoming cycle prawerplant offered the best combination of 
efficiency (50. 6 percent overall) and COE (40 mills/kH— hr) of the zirconia 
systems. A projection of life beyond 10,000 hours (as was suggested in the 
case of the melton carbonate fuel cell) accompanied by a lower COE is not 
warranted for the zirconia tiiei cell at tJiis time since it already represents 
a substantial life projection. 

For fuel-cell powerplant systems, confidence in predicted efficiencies is 
q-HJ^er than ccnfidence in jreltctGd costs. In many cases, projections arc 
based upon small laboratory-sized units. While there is a high degree of 
confidence in the estimates of fuel-cell system efficiency, the uncertaxnty in 
costs of co?;l-derived fuels makes the fuel portion of COE uncertain. However, 
with the upward trend in fuel costs, the emphasis that has been placed upon 
poworplant efficiency in the "iCAS study would seem to he quite reasonable. 

Finally, it aj pears that the potential for lew- tem pera ture fuel-cell utilities 
application lies in dispersed sites to provide peaking or intermediate 
service, where advantage of fuel cells* special features can be taken. Fuel 
cells' special features are (1) to increase the overall efficiency of a 
utility's energy conversion equipment; (2) to reduce transmission costs; (3) 
*■0 provide, through modularity, a means of better matching capacity with 
growth requirements; (4) to provide improved system reliability and 

availability; (5) to provide the fuel-cell features in units small enough to 
meet the needs of very small utilities; and (6) to provide total energy 
savings through on-site waste heat utilization. 
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TABLE 5,11-1. - GENERAL ELECTRIC BASE-CASE PARAMETERS FOR 


LOW-TEMPERATURE FUEL-CELL POWERPLANT (CASE 1) 



48 




HBTU 




SPE 
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Operating temperature (rcaJdmum), °F 

170 

Electrolyte thidoiess, in. (cm) . 

. . , . . .0.005 (0.0127) 

Actual powerplant output, MWe 

48 


TABLE 5.11-2. - WESTINGHOUSE BASE-CASE PARAMETERS FOR LOW- 


TEMPERATURE FUEL-CELL POWERPLANTS (CASES 1) 



Aqueous acid 
(H,jPO^) systems 

Aqueous alkaline 
(KOH) systems 

Power output, MWe 

23.4 

22 

Fuel-cell rating, MW 

25 

25 

Fuel 

HBTU 

HBTU 

Oxidizer 

Air 

Air 

Fuel-cell life, hr 

10 000 

10 000 

Voltage degradation, percent 

6 

5 

Temperature, °C 

190 

70 

Electrolyte type 

85 \vt % HgPO^ 

30 \vt % KOH 

Electrolyte thickness, cm (in.) 

0.05 (0.02) 

0.05 (0.02) 

Anode type ^ 

Anode catalyst loading, mg Pt/ cm" 

Pt/C 

Pt/C 

1.0 

1.0 

Cathode type ^ 

Pt/C 

Ag/C 

Cathode catalyst loading, mg Pt (or Ag)/ cm" 

1.0 

5.0 

Current density, mA/cm“ 

200 

100 

Average cell voltage, V 

0.7 

0.8 
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TABLE 5.11-3. - GENERAL ELECTRIC BASE-CASE PARAMETERS 
FOR HIGH-TEMPERATURE FUEL-CELL POWERPLANT (CASE 1) 

^ —.4 .,4- 

1112 



Illinois # 6 


LBTU 



2 

Current density, A/ft 

200 

Electrolyte thickness, in. (cm) 

0.02 (0.05) 

Steam bottoming cycle; 

Turt>lne-rnlet temperature, F 

1000 

Turbine-inlet pressure, psig 

3500 

Reheat temperature, °F 

1000 

Maximum feedwater temperature, F . . . 


Heat rejection method • 

®WCT 

Condenser pressure, in. of Hg 


Actual powerplant output, MWe 

1112 


"^Wet cooling tower. 
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TABLE 5.11-4. - WESTINGHOUSE BASE-CASE PARAMETERS FOR IMUH-TEMPERATU RE 


FUEL-CELL POWERPLANT (CASES 1) 



Molten carbonate systems 

Solid electrolyte (SP'B) systems 

Power output, MWe 

22.1) 

22.9 

Fuel-cell rating, MW dc 

2,5 

25 

Fuel 

HBTU 

HBTU 

Oxidizer 

Air 

Air 

Fuel-cell life, hr 

10 000 

10 000 

Voltage degradation, percent 

5 


0,r. 

(>50 

1000 

Temperature, C 


Electrolyte type 

Paste of Li, Na, K, carbonates, 
and alkali aluminates 

Electrolyte thickness, cm (in.) 

0.1 (0.04) 

0.004 (0.0015) 

Ni 

NiZra,-cermcl 

Anode type 


Cathode type 

Lilhiated NiO 

In20„/PrCoO,,_j^ 

Ci’oOo 

Interconnection type 



Interconnection thickness, cm (in.) 


0.002 (0.0008) 

Current density, mA/cm^ 

200 

400 


0. 84 

Average cell voltage, V 





TABLE 5.11-5. - EFFECT OF FUEL-CELL TEMPERATURE 
(TYPE) ON EFFICIENCY AND COST OF ELECTRICITY FOR 
25-MWe POWERPiANTS - WESTINGHOUSE RESULTS 


Fuel-cell 

temperature, 

°F 

Fuel-cell 

tj-pe^ 

Efficiency, 

percGnt 

Cost of 
electricity, ^ 
COE. 

mills/kW-hr 

Powerplant 

Overall 

375 


35.0 

23. 9 

50 

1200 

Molten 

48.8 

32.9 

58 


carbonate 




1832 

ZrOg SE 

69.7 

46. 9 

42 


'^HBTU/air. 

^Assumed 10 000-hr life foi- all fuel cells. 


TABLE 5.11-6. - EFFECT OF FUEL-CELL TEMPERATURE 
(TYPE) ON EFFICIENCY AND COST OF ELECTRICITY FOR 


900-MWe POWERPLANTS - WESTINGHOUSE RESULTS 


Fuel- cell 
temperature, 

“f 

Fuel-cell 

lype^ 

Efficiency, percoit 

Cost of 
electricity,^ 
COE, 

mills/kW-hr 

Powerplant 

Overall 

375 

H3PO4 

34.8 

29.3 

44 

1200 

Molten 

.54.4 

45.7 

44 


carbonate‘s 




1832 

ZrO, Se'* 

60.2 

50.6 

40 


“iBTU/alr. 

^Assumed 10 000-hr life for all fuel cells. 

®Fuel cell with steam bottoming cycle; 1255 MWe total. 
*^Fuel cell with steam bottoming cycle; 1164 MWe total. 
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TABLE 5.11-7. - EFFECT OF STEAM BOTTOMING GYeLE ON HIGH-TEMPERATURE 


FUEL-CELL PERFORMANCE - WESTINGHOUSE RESULTS 


Fuel- cell 

Fuel-cell 

type“ 

Overall efficiency 

percent 

Cost of electricity, 

temperature. 

Op 

25-MWe systems 

Nominal 

900-M\\^e 

systems 

raills/kW-hr 




25-MWe 

systems 

Nominal 

900-MWe 

systems 

1200 

Q 

Molten carbonate 

30.6 

45.7 

60 

44 

1832 

ZrO, SE‘* 

.35.0 

50.6 

5? 

40 


‘^IBTl'/air. 

^Assumed 10 000-hr life for all fuel cells. 
‘^1255 MWe total. 

‘*1164 MWc total. 


FIGURE 5.11-8. - EFnClENCY AND COST OF ELECTRICITY FOR THREE TYRES 
OF INTEGRATED, HIGH-TEMPERATURL, SOLID-ELECTROLYTE IT EL-CELL 
POWERl’LANTS - WESTINC.IIOl SE RESULTS 


Size 

Fuel 

E.xlent of 

ElTlciency. percent 

Cost of electricity.'' 
COE. 

mills kW-hr 

(total MWe) 


integration 

Powcrplanl 

Overall 

1164 

IBTU 

With steam 

bottoming cycle 

60.2 

oO. (i 

40 

219 

IBTU 

With gasifier'* 

53.2 

.53.2 

4,8 

1064 

LBTU 

With gasifier find 
steam bottoming 
cycle 

47.8 

17.8 

.52 


‘‘Assumed 10 000-!ir life fuel cell. 

'‘This is the most intimate intepiation. :uid is the”Ui-oiec( Fue l Cell concept ol 


WeslinRhousc. 
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TEMPERATURE 5.11-9. - EFFECT OF FUEL-CELL TEMPERATURE 


(TYPE) ON POWERPLANT EFnCIENCY AND GOST OF 


ELECTRICITY - GENERAL ELECTRIC RESULTS 


Fuel-cell 

ten^>erature, 

°F 

Fuel-cell 

^e 

Efficiency, 

percent 

Cost of 
electricity, ® 
COE, 

mills/kW-hr 

Powerplant 

Overall 

170 

spe'^ 

25.2 

12.7 

58 

375 

HgPO^*’ 

29.S 

15.0 

52 

1832 

ZrOg SE'^ 

31.6*^ 

31.5 

45 


^Assumed 100 000-hr life for SPE system, 40 000-hr life for 
HjjPO^ system, and 10-yr life with 10 - percent/yr replace- 
ment for Zr02 S£ system. 

*’HBTU/air; 48 MWe. 

*^LBTU/air; with steam bottoming cycle; 1112 MWe total. 

^Fuel cost based upon coal rate to gasifier. Gasifier cost in- 
cluded in capital cost. However, powerplant not integrated 
with gasifier in terms of heat and mass conservation. 


TABLE 5.11-10. - EFFECT OF IT’EL Tl'PE ON EFFICIENCY 
AND COST OF ELECTRlCm^ FOR LOW- TEMPERATURE 
FUEL-CELL POWERPLANTS - GENERAL 
ELECrmC RESULTS 


FueU^ 

Fuel-cell 

type 

Efficiency, 

percent 

Cost of 
electricitj',^ 
COE, 

mills/kW-hr 

Poweiplant 

0\’crall 

HBTU 

SPE 

25,2 

12.7 

38 

llyclrogen‘'’ 

SPE 

38.3 

23.. 3 

36 

HBTU 

HgPO., 

29.8 

15.0 

52 

Hvdrogen*' 

" 3 PO 4 

37.9 

23.1 

37 


o.\kiizcr. 

*^.Assumc(i 100 OOU-hr life for SPE system, and 40 000-hr life 


for n.jPOj system. 

‘■Hydrogen obUlincci from g;isificd coal. 
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table 5.11-11. - GENERAL ELECTRIC VALUES OF ALL RELEVANT 
PARAMETERS FOR LOW-TEMPERATURE 
FUEL-CELL POWERPLANTS 



Power output, MWe 
Coal 

Conversion process 

Oxidizer 
Fuel-cell type 

2 

Current density. A/ ft 

Operating temperature (maximum), ®F 

Electrolyte thickness, in. (cm) 

Actual powerplant output, MW'e 
Thermodynamic efflciency, percent 
Powerplant efficiency, percent 
Overall energy efficiency, peicent 
Coal consumption, Ib/klV-hr 
Plant capital cost, million dollars 
Total direct costs, S/k\Ve 
Plant capital cost, $/kWe 

Cost of electricity (capacity factor =0.65): 
Capital, mills/kW-hr 
Fuel, mills/kW-hr 

Maintenance and operating, mllls/kW-hr 
Total, mills/kW-hr 

Sensitivity; 

Capacity factor = 0.50 (total mills/kW— hr) 
Capacity factor = 0.80 (total mills/kW-hr) 
Capital A = 20 percent (Amills/kW-hr) 
Fuel A = 20 percent (Amllls/kW-hr) 

Estimated time for construction, yr 
Estimated date of commercial availability 


8 

12 

201 

47 

Illinois # 6 

Illinois #6 

Hydrogel 

HBTU 

(on site) 


Oxygen 

Air 

SPE 

»3P°4 

300 

250 

300 

375 

005(0.0127) 

9.020(0.05) 

201 

47 
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TABLE S. 11-12. - WESTINGHOUSE VALUES OF ALL RELEVANT PARAMETERS P3R LOW- AND HIGH-TEMPEHATURE 

FUEL-CELL POWERPWNTS 


Parameter 

Aqueous 

Molten 

Solid electrolyte system 


acid system 

(case 12 ) 

carbonate 
system 
(case 4) 

Case 4 

Case 18 

Case 19 

Power output, MWe 

23.4 

1286 

1164 

219 

1064 

Fuel^cell rating* MW dc 

25 

BOO 

900 

250 

900 

Fud 

HBTU 

IBTU 

IBTU 

IBTU 

LBTL* 

OxlcUzer 

Air 

Air 

Air 

Air 

Air 

Fuel-cell life, hr 

10 000 

10 000 

10 000 

10 000 

10 000 

Voltage degntdiUon, percent 

s 

8 

s 

5 

5 

Temperature, °C 

190 

680 

1000 

1000 

1000 

Electrolyte ^pe 

8 S wl % H 3 PO 4 

Paste Of Li, Na. K, 

0.004 

(Zrt> 2 \ JC<UD), 


Electrolyte thtcfcneea, cm 

O.OB 

carbonates, and 
alkali alumlnates 

o.l 

0.002 

0.004 

Anode type 

2 

Anode catalyat toadiog, mg Pt/cm 
Cathode type 

Cathode catalyat loading, mg Pt/cm^ 
Interconnection type 

Pt/C 

Ni 

Ni-ZtOg • cermet 

Ni-ZiOj - cermet 

Kt-ZiO^ - cermet 

Pt/C 

Lithlated NiO 

tojjOg/PrCoO,,^ 

tajOj/PrCcO,.^ 

tajOj/PrCcOj^jj 


— 

CrjOj 


<^"203 

InterooDDectlon ditcknena, cm 


— 

0.002 

0.002 

0.002 

2 

Current densl^, mA/ cm 

200 

200 

400 

800 

400 

Average cdl voltage, V 

0.7 

0.7 

0.66 

Q. 6 B 

0.56 

Poweiplant efficiency, percent 

36.0 

54.4 

60.2 

53.2 

45.6 

Overall energy efficiency, percent 

24.2 

45.7 

50.6 

53.2 

47.7 

Totnl plant capltni coat, million doUarat 

9.64 

569. 90 

539.05 

205.46 

893.28 

Fuel praceaalng equipment 

0.645 

2.30 

2.41 

52.36 

75.37 

Puel-cen ayatem 

2,4 

171.00 

142.00 

18.80 

167.00 

Steam mihlne generator 

0 

11.72 

11.82 

0 

U 

Oxygen plant 

0 

0 

0 

0 

0 

Heat- recovery ateam generator 

0.086 

20.20 

15.62 

0.211 

11.80 

Recigwrator 

0 

4.84 

18.4 

4.20 

28.00 

Power conditioning 

1.38 

59.00 

59.00 

17.50 

59.00 

CopitEil cost, S/kW'e 
Result breakdown: 





341.17 

Total nmjor>component cost, million dollars 

4.51 

269. 06 

248.95 

93.87 

Total mafor-component cost, $/kWe 

193.74 

227.74 

215.40 

429. 58 

327.96 

Balance-of-plant cost, $/kWe 

39.93 

19.38 

15.57 

39.59 

36. Sib 

Site labor cost, $/kWe 

42.70 

29.47 

33.35 

137.54 

89.06 

Total direct coat, $/kWe 

276,37 

275. 5B 

264.32 

606.71 

45 .03 

Indirect costs, $AWe 

21,78 

15.03 

17.01 

70. 14 

45.43 

PmOt and owner ooata, $/kWe 

22. U 

22.05 

21.18 

48.54 

36.32 

Contingency coal, $AWe 

12 . 4A 

22.05 

21.15 

36.40 

38.53 

Escalation coal, $/kWe 

19.00 

68.62 

66.. 35 

89.81 

130. 94 

tntereat during construction, S/kWe 

19.46 

79.04 

76.43 

96.71 

153.38 

Total capitalization, SAWe 

371.16 

482.370 

456, 4( 

946.31 

850.70 

Cost of electricity, mlUsAW-hr 





27.15 

Capital component 

13.73 

15.25 

14.74 

29.98 

Fuel component 

25.01 

12. 55 

11.34 

5.47 

6. 35 

OperaUng-and-tmalntenance oomponrat 

9.8S 

16.05 

14.16 

12.25 

18.40 

Total 

46,68 

43.88 

‘ 40.24 

47.70 

51 . 89 

EaHmated time fOr conatiocticn, yr 

1.5 

5 

3.0 

3.0 

5.5 

Estimated date of commercial availability 

1990 

1900+ 

2000+ 

2000-^ 

2000 f 
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spent air to atmosphere 

Reformer 
Shift converter 
CO? scrubber 
Mefhanator 


Figure 5. U-1. * Simplified schematic of General Electric low-temperature solid-polymer 
electrolyte fuel-cell powerplant base ease. 



Reformer 
Shift converters 
with steam generators 
(CO? scrubbers with 
aHiallne fuel ceiti 


Figure 5. 11- Z. - Simplified schematic of Westinghouse low-temperature acid (H 3 PO 4 ) and 
alkaline IKOH) fuel-cell powerplant base cases. 
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Air To stack 



Figure 5. M-3. - Simplified schematic of General Electric high-temperature zirconia fuel-cell 
pmerplant base case. 


Air Spent gases 



fuel with case SE 19) 


ORIGiKAB PAG3 JH 
OF POOR QUALrnj 



Makeup 

water 


Figure S.11-4. - simplified schematic of Westinghouse high-temperature molten carbonate 
and zirconia fuel-cell powerplant base cases. 
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Costorel0Ctric!ty(COE), mills/HN'hr 


Westing house; 

Fuel /air or 
fuel /oxygen 
(no hydrogen cases) 


O Low-temperature fuel cell 

O High-temperature fuei cell 

Open symbols denote G.E. data 
solid symbols denote Westinghouse 
data 



figure 5.11-5. - Energy efficiency - cost of electricity map for various ^pes of fueh 
celi powerplants. 
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'>.12 OlifiSNIC B01T0«ING CYCLES 
by Robert J. Stochl 

The use of an organic Rankine cycle as a bott oping plant to a gas turbine 
offers the pctcntial for the econonical utilization of energy that would 
otherwise be wasted. organic fluids are considered because they are well 
suited for the nediun tenperature levels available and offer a good cosprowise 
between bottcning-cycLe efficiency and efficient recovery of the gas turbine* s 
waste heat. Additional electric power is generated by the bottoming cycle 
with no additional fuel consumption. Whether the use of a bottoning cycle is 
economically advantageous depends on the value of the additional power 
generated compared with the additional capital cost expenditure. In Phase 1 
of EGAS both General Electric and Westinghouse evaluated the use of an organic 
Rankine cycle tc bottom both recuperated open-cycle gas-turbine systems and 
closed-cycle gas-turbine systems. This section discusses these results and 
where appropriate compares them with those obtained for the unbottoned prime 
cycle. 


5.12.1 Sco i- e of A naly sis 

5.12.1.1 Recuperated Open-Cycle Gas Turbine/Grganic Rankine Systems 

A comparison of the contractors* parametric points for combined recuperated 
open-cycle gas turbine/organic Rankine systems is presented in table 5.12-1. 
Schematics of General Electric's and Restinghouse's bottoming-cyele 
configurations are shown in figures 5.12-1 and 5.12-2, respectively. The 
gas-turbine recuperator exit temperature (gas temperature input to the organic 
boiler) for the General Electric prime cycles was 828® ? (except case 31, 

which used 808® F; fig. 5.12-1). For this temperature range. General 

Electric, with Thermo Electron Corporation (TECO) as subcontractor, selected 
Fluorinol-85 (FI-B5) as the organic working fluid in regenerative suberitical 
bottoning cycles. The organic turbine-inlet conditions used were 600® P and 
700 psia in all cases. The only variation In the bottoning-cycle state points 
was for case 36, where a wet cooling tower was assumed. Dry cooling tower 
eases used a 99,1® F organic condensing temperature; a 92® F condensing 
temperature is used for the wet cooling tower case. Organic boiler 

pinch-point temperatures of 30®, 50,® and 70 ® P were evaluated. Pinch point 
is defined as the miniaum local tenperature difference between the prime-cycle 
fluid and the bottoiing-cycle fluid occurring anywhere in the heat exchanger. 

The gas-turbine recuperator exit temperatures for Hestiughouse's prime cycles 
were 708® F for the cases using 2000® P gas- turbine- inlet temperature and 
1090® P for the 2500® F ga s- turbine-inlet temperature case (fig. 5.12-2). For 
the 708® F gas temperature to the organic boiler, Westinghouse selected cases 
with R-12 or methylamlne in a supercritical Rankine cycle. The organic 
turbine-inlet conditions were 600® F and 2500 psia. The use of R-12 at 600® F 
is questionable from the standpoint of thermal stability. This point will be 
discussed later. For the 1090® F gas tenperature to the organic boiler, 
Westinghouse selected sulfur dioxide as the working fluid (also in a 
supercritical Rankine cycle) with turbine-inlet conditions of 1000® p and 2500 
psia. While not an organic fluid, sulfur dioxide was used because of its 
thermal stability at the higher temperatures. 


5,12.1.2 Closed-Cycle Gas Turbine/Ocganic Rankine Systems 

A comparison of the contractors* parametric points for the combined 
closed-cycle gas turbine/organic Rankine systems is presented in table 5.12-2. 
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ScheraatiGS of Renpral Electric's and Westinghcuse ' s hot tominq -cycle 
eonf igura t ions are shewn in tigiires S, 12-1 and *i.12-h, respectively. 

For General Electric's O.t’5 recuperator effectiveness the primary fluid 
temperature out of the recuperator was U63° F, for the 0.90 recuperator 
effectiveness it was 434“ F, and for the O.fiO recuperator effectiveness it was 
611“ F. The 463“ and 434“ F primary fluid temperatures are considerably below 
the optimum temperature capability of FL-85. Therefore General Electric 

selected R-22 as the organic fluid in a supercritical hottooing cycle. The 
R-22 bottoming cycle has parametric variations in turbine-inlet temperature 
and pressure and also variaticiis in organic boiler pinch point. FL-S5 was 
used as the bottoming tluid for the 611“ F primary fluid temperature at the 
exit of the leeupe rater. 

In the Hestinghouse scheme, heat is added to the bottoming cycle by the helium 
gas-turbine exhaust and a "pump up" turbine exhaust {fig. 5.12-4). The 
Hestinqhouse pump- up cycle is used for furnace pressurization; it consists 
essentially of an open-cycle gas-turbine system driven by the exhaust gases of 
a pressurized furnace. This scheme provides ar. additional heat source that is 
not available in General Electric's systems using atmospheric fluidized beds. 
The helium gas temperature at the helium-cycle organic vapor generator was 
979® F. The exhaust gas from the purap~up portion of the cycle to the organic 
vapor generator was at 1193“ F. Hestinghouse selected the same three 

bottoming fluids here as they used to bottom the open-cycle eases. Two cases 
(46 and 47) used R-12 with turbine-ialet conditions of 700“ F and 2500 psia. 
The bottoming cycle in ease 46 used a desuperheating recuperator (not shown in 
the figure); case 47 did not. Pour cases used methy la mine with variations and 
heat rejection methods in turbine-inlet conditions as shown in table 5.12-2. 
One case used sulfur dioxide at turbine- inlet conditions of 950“ F and 1800 
psia. 


5.12.2 Results of Analysis 

5.12.2.1 Overall Comparisons 

5.12.2.1.1 Open-cy c le gas turbin e/orga ni c Ran k ine system s» - Figure 5.12-5 

presents the cost of electricity (COE) as a function of powerplant 

effectiveness as determined by both General Electric and Westinghouse for the 
open-cycle gas turbine/organic systems. powerplant efficiency is used in 
these comparisons in order to eliminate the effect of the different fuels (and 
their conversion efficiencies from coal) that were used by each contractor. 
Cost of electricity as a function of overall efficiency is presented in figure 
5.3-2 as part of the open-cycle gas-turbine system results. The numbers shown 
with each point represent the contractors' parametric point designations and 
correspond to those shown In table 5.12-1. Also shown, for comparison 

purposes, are the results for the unbottomed prime cycles. These two points 
are shown as solid symbols. Comparing these two points with their respective 
bottomed results indicates a substantial increase in powerplant efficiency for 
the bottomed cases. However, in spite of the increased efficiency, the higher 
capital costs of the bottomed cases result in slightly higher COE. In 
general. General Electric's and Hestinghouse* s organic bottomed cycles had 
approximately the same range of powerplant efficiencies, with General Electric 
showing slightly lower COE. 

With one exception, all General Electric's results are centered around a 
powerplant efficiency of approximatel-y h2 percent and a COE of approximately 

34.2 mills/kW-hr. There is a 0. 7- percentage- point decrease in powerplant 
efficiency and a slight increase in COE for an increase in boiler pinch-point 
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tenoerature (from 30® to 70® F) . This decrease xn efficiency is enpected ; the 
IncSase in CoT is the result' of the increased cost of fuel (caused by the 
lower efficiency) offsetting the reduction in organic boiler cost. The only 
variation in the bo ttoaing -cycle paraseters was the use of a wet cooling tower 
for point 36(G. E. ). Conparing this point with point 30 (dry cooling tower) 
shows the penalty in both efficiency and COE in using dry cooling towers. 

The gestinghouse results indicate that for the 2000® F 

tenperature, using a nethylaaine bottoning cycle results in higher efficiency 
and lower GOE than were obtained using R-12. The prine cycle (2500 F 
turbine-inlet teaperature) bottoned with sulfur dioxide working fluid gave the 
highest efficiency and lower COE than the organic- bOttoaed cycles. 

2 1 2 closed-cycle gas turbin e /organi c Banhlne sj^tens. — Figure 5.12 6 
presents* the COE and powerplant efficiency deterained by both contractors for 
the organ! c-bottoned/ closed-cycle gas-turbine systeas. Here 
numbers shown with each point correspond to the respective contractor s 
iaraletricpcintr shown in table 5.12-2. ilso shown for coaparison purposes 
are the unbottoaed priae-cycle base cases. Direct ,.^®^JJ®®" 

contractors is difficult because they used substantially different 
configurations (see section 5.5 for a coaplete descrxption) . 

With B-22 as the organic fluid, General Electric's results show a P«>*erplant 
efficiency range between 35.5 and 37.8 percent at a COE between 40.8 and 42.1 
mills/kH-hr. The one case using FL-B5 as the organic fluid had a powerplant 
efficiency cf 35.3 percent at a COE of 37.8 Bills/kW-hr. This COB is 
approximately 3.0 milLs/kH-hc less than that obtained using 

ifo mill/kW-hr less than the prime-cycle base case as a ^'‘® ^®*®f 

cost of the 0.60 effectiveness recuperator that was used ^^e top part of 
this cycle. (An 0.85 effectiveness recuperator was used in the base case.) 

Westinghouse has a slightly greater spread (between 3 and 4 percentage 
on powerplant efficiency for both organic working fluids, accoapanied by a 
larger spread in COE. The effect of adding a desuperheater to ® 2^ 

organic cycle (case 4b) is to increase combined-cycle efficiency and to 
decrease CCE. The effects of various heat rejection "eth^s are 
with methylamine as the organic fluid, in cases 48, 

rejects heat through a water circuit to a wet cooling tower, ®“®® ^ ^®^®®^® 
heat through a water circuit to a dry cooling tower, and case 51 rejects heat 
directly te a dry cooling tower. As indicated in the figure the wet cooling 
tower results in the highest efficiency and lowest COE. Case 49 is bottomed 
to a cycle with a 1100® F pump-up turbine-inlet temperature and shows the 
lowest^effieiency and largest COE of the four raethylamine cycles. The one 

sulfur dioxide c'ycle considered resulted in ® of'anyTf the 

(comparable to the best methylamine cycle) at the lowest COE of any of 

bottoming cycles. 


5.12.2.2 Discussion and Assessment 

E 12 2.2.1 Open-cycle gas tur bine /o rg an ic R ankin e systems, - As shown in 
figu’re 5 . 12 - 5 ^.he addition of an organic bolLoming 
tie powerplant efficiency, but the results of 

the COP also iiicredsed. The increase in capital cost more than offset the 
incEsUeS .ffici.EC Figure 5.12-7 .hour botk the COB u.d tje 
total capital cost in S/k«e for both contractors. Although the ^OE s for the 
bottomed^cyclcs are approximately the same for both contractors, Hestinghouse 
iar?;rhigher capital c^st (by approximately $100 /kWe). 'rje reason for this 
is as follows; the total COE consists of charges for capital, fuel, and 
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operating and maintena nee (0 and M) . The tuel cost portions of COE for both 
Gontraetors are approximately the same as a result of the closeness of their 
efficiency values. Hestingkouse is higher on the capital cost portion (the 
$100/kHe value), but General Electric is higher on the 0 and M costs. The net 
result is approximately the same total COR. 

Shown for cGDipatison purposes are both contractors* un bottomed prime-cycle 
points. A comparison of these points with their respective bottomed cycles 
indicates that, under the ground rules used In this study, it is not cost 
effective (in terms of either COE or capital cost) to use organic bottoming on 
open-cycle gas turbines. 

A breakdown of the total capital cost (3/kSe) for both contractors is shown in 
table 5.13-3. The values shown for the General Electric organic bottomed 
point (case 30) arc representative of all the 2200® F prime-cycle 
turbine-inlet temperature cases. Although, as stated previously, there is 
reasonably good agreement between the contractors* values for the COE 
(mills/kW-hr) , there are some rather large differences in some of the 
categories in the breakdown of the total capital cost (3/kKe) in table 5. 12-3. 

Hagor component costs as reported by the contractors are- nearly the same, 
especially for the bottoaing cyclG. However, balance-of-plant (HOP) costs tor 
Bestinghouse were almost twice those of General Electric. (This difference is 
also true for the two pcitie cycles.) General Electric’s contingency costs, on 
the other hand, are at least 2.6 times those of Hestinqhouse. But the 
Hestinghouse escalation and interest costs were higher than General Electric's 
beemuse of the difference in the estimated time of cols ^ruction between the 
two contractors. 

As stated previously, the estimated increase in capital cost, by adding an 
organic bottoming cycle, mote than outweighs the effects of increased 
efficiency and results in a higher COE than the unbottomed prime cycle. As 
shown in table 5.12-3 the capital costs (in $/kHe) of the bottomed cycles are 
substantially greater than those Of the unbottomed cycles for both 
contractors. Also shown in table 5.12-3 are the incremental costs for General 
Electric's ease 30 and Hestinghouse 's case 95. The increaental cost is 
defined here as the difference in capital cost between the combined 

gas-turbine/organic cycle plant and the unbottomed gas turbine divided by the 
power output of the organic bottoming cycle. If this difference in capital 
cost between the bottomed and unbottomed cycles is attributed entirely to the 
organic cycle, the increaental cost is merely the bottoming -cycle cost in 
dollars divided by the bottoming-cycle power in kilowatts. As shown in the 
table the costs of the organic-cycle majer components in teras of the 
organic-cycle power output are S166/kHe and $250/kNe for General Electric 
(case 30) and Westinghouse (case 95), respectively; and the total incremental 
costs for these two bottoming- cycle cases are $878.5/kHe and f2053/kHe, 
respectively. These total values include substantially larger BOP costs and 
large increaental increases in the interest and escalation charges. Both 
contractors estimated that the bottomed-cycle plants would take longer to 
build. As a result the incremental bottoming-cycle cost includes the effect 
of larger escalation and interest charges for the entire plant over the longer 
construction period. From these values it is apparent that tbe increased 
capital cost lies in the high- balance-of-plant (BOP) costs assigned to the 
organic botteming plant by both contractors* architect-engineers. Further 
study of the BOP for such plants is required before any conclusion is reached 
about the cost effectiveness of organic oottoming cycles. 

5.12.2.2.2 C losed- e ycle qas turbine/organlc Rankin e s yst ems. - As in the case 
of the open-cycle gas-turbine systems, the contractors* results indicated that 
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the innrn-isefi cdpLt .il cost of a systen with organic bottoming more than offset 
♦•h'? effect of the inrreaped efficiency and that the resulting COE increased 
over the unbottomud case... Figure shows the COE and the capital cost 

tor both ccntractors. The Oeneral Electric results using R-22 show that the 
COE is around 41.5 raills/itW-hr with a capita 1 cost of $960/kWe (which is 
slightly greater than that obtained with steam bottoming and approximatlely 20 
percent more cosily than the unbottoned base case). The General Electric ease 
using FL-B5 (with 0.6 effectiveness recuperator) has a 3- to a-mill/kH-hr 
decrease in COE compared with the R-22 eases and 1 mill/kU-hr less than the 
unbottomod base case. The capital cost using FL-85 was between S8f5/kWe and 
$l25/kWo less than that using 3-22 but about $50/kWe more than the unbottoned 
base case. 

The Kestinghouse results show a larger spread in both COE and capital cost 
using R-12 and meth ylamine . Both fluids have approximately the same range of 
values for GCE with the methylamine cycles having the larger capital cost. 
The sulfur dioxide cycle has the lowest capital cost of the Hestlnghouse 
fluids. Comparisons should not be made in this figure between the costs of 
the two ccntractocs because of the large differences in topping-cycle 
configurations, including the fact that the Hestinghouse cases are clean-fuel 
fired as compared with General Electric's coal-fired AFB cases, 

A breakdewn of the total capital cost ($/KWe) for both contractors is shown in 
table 5.12-4. The eases shown in this table are representative of each 
organic fluid that was selected by each contractor. Also shown for comparison 
is General Electric's unbottomed base ease (case 1), Hestinghouse did not 
evaluate the particular unbottoned prime cycle used with the organics. 

Comparing General Electric's bottomed cycle using R-22 (case 35) with the 
unbottoned base case indicates that even though the cost of the major 
components decreased (on a $/kHe basis) for the bottomed case, the total 
capital cost increased by J139.8/kHe because of increased BOP, contingency, 
escalation, and interest charges. The additional year of estimated 
eonstruGticn tine adds about $71/kHe to interest and escalation charges, which 
results in an additional 2.2 mills/kH-hr to the COE. Therefore, if the 
construction tine could be reduced to 4 years (instead of the 5 yr 
estimated) , the total COE for case 35 would be the same as for the base case. 
The even larger reduction in major component cost using PL-85 is primarily due 
to the decrease in ptime-eyele component cost as the result of using a 0.6 
effectiveness recuperator instead of the 0.85 value used in the base case. 
The increased BOP, escalation, and interest charges more than offset this 
major eoapenent reduction and resulted in a net increase in capital cost of 
$48.5/kHe for the PL-85 ease compared with the base case. The additional year 
of construction time for the FL-85 case added approximately $64/)iWe to the 
interest and escalation charges and resulted in a 2.0-mill/kH-hr increase in 
the COE, If the eonstruetion time for this case could be reduced to 4 years 
the resulting COE would be approximately 3.0 mills/kH-hr less than for the 
base case. 

Also shown in table 5.12-4 is the incremental cost of General Electric's case 
35. The cost of the organic-cycle major components in terns of organic power 
output is *239.4/kHe. The total incremental cost is $1537.9/kHe, which again 
includes substantially larger BOP cost and large increases in interest and 
escalation charges. 

A breakdown of the major com pone ,t cost into those associated with the prime 
and bottoming cycles could not be accomplished from the Hestinghouse results. 
As mentioned previously, Hestinghouse did not evaluate the unbottomed prime 
cycle, so the direct effect on capital cost for a bottoming plant could not be 
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determined 


Direct cGBparisoa between contraetors for these cases should not be used to 
draw conclusions concerning the organic bottoming cycles because of the 
substantial differences in configuration (i.e., the additional pump-up cycle). 
At approximately the same power levels, the Westinghouse total capital costs 
are about one-half those of General Electric. The reasons for this are in 
part that approximately 30 percent of the total cycle power is provided by the 
cheaper open-cycle gas turbine of the pump-up cycle and that the Westinghouse 
cases ace clea..-fired while the G. E. cases are coal- fired AFR*s. 

As mentioned earlier. General Electric performed parametric variations on 
bottoming-cycle turbine-inlet temperature and pressure and also variations in 
organic boiler pineh-point temperature differential for the H-22 fluid. The 
effects of these variations on efficiency and COE are shown in figure 5.12-9. 
As indicated in part (a) of this figure, as turbine-inlet temperature is 
increased, efficiency increases and total COE decreases (primarily due to the 
increased power produced from the bottoming cycle). Figure 5.12-10 presents a 
set of NASA lewis calculations that show the effect of an extended range of 
turbine- inlet temperatures on the coabined-eycle efficiency for three turbine 
efficiencies. Also shown in this figure are the thermodynamic efficiencies 
for the cases shown in figure 5,12-9{a). The NASA Lewis results are in 
agreement with General Electric’s and indicate that the thermodynamic 
efficiency reaches a maximum at approximately 470® F, The 430® F General 
Electric point is within 0.3 percentage point of this maximum efficiency and 
is the maximum temperature consistent with their topping-cycle parameters. 
Figure 5. 12-9 (b) indicates decreased efficiency and increased cos for 
increased boiler uinch-point temperature differential. The decrease in the 
organic boiler cost resulting from the increased log mean temperature 
difference was not sufficient to compensate for the higher fuel costs due to 
the reduced efficiency. Figure 5.12-9 (c) shows that the use of a dry cooling 
tower decreases the efficiency and increases the GGE. 


5.12.3 Concluding R emarks 

Potentials of bottoming both open and closed gas-turbine cycles were 
considered by both contractors. Their results indicate that bottomed 

open-cycle gas-turbine systems substantially increased powecplant efficiency 
compared with an unbcttomed system. However, the capital cost estimates 

doubled, resulting in no net reduction in the cost of electricity. The same 
general statement can be made of bottoming a closed-cycle gas-turbine system, 
with two exceptions. Both contractors had one parametric variation (G. B. 
case 40, Westinghouse case 52) that increased powerplant efficiency and 
reduced the projected COE compared with the unbottomed base case. These 
results might be different under other ground rules (see section 4.2) . Pot 
example, eonsidecing the average plant lifetime COE would increase the 
relative importance of fuel costs and make organic bottoming mote attractive. 
It was also shown earlier that both contractors estimated substantially larger 
incremental BGP charges for these bottoming cycles, as well as longer 
construction periods. Since capital cost and construction time estimates were 
made without detailed BOP desxgns, a general conclusion that organic bottoming 
is not cost-effective cannot be made without further investigation, 

Westinghouse use of R-12 at temperatures much above 400® P is contrary to 
information available from Dupont. These data indicate that R-12 decomposes 
rapidly at temperatures exceeding 400® P. In order to possibly use it to 700® 
F, it must be completely free from air, oil, and water, which is highly 
improbable in a practical system. 
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TABLE 5.12-1. - PARAMETRIC VARIATIONS FOR COMBINED OPEN-CYCLE GAS TURBINE/ORGANIC 


RANKINE SYSTEMS 


Parameter 

General Electric 

Westinghouse 


Case 


30 

31 

34 

35 

36 

37 

95 

1 

96 

97 

Gas-turbine- inlet temperature, 

2200 

2200 

2200 

2200 

2200 

1800 

2000 

2000 

2500 

Gas-turbine pressure ratio 

12 

12 

12 

12 

12 

12 

8 

8 

16 

Recuperator effectiveness 

0.85 

0.85 

0.85 

0.85 

0.85 

0.85^ 

0.80 

0.80 

0 

Recuperator pressure drop, AP/P 

0.05 

0.05 

0. 05 

0.05 

0.05 

0.05: 

0.03 

0.03 

0 

Bottoming-cycle fluid 

FL-85 

FL-85 

FL-85 

FL-85 

FL-85 

FL-85 

R-12 

Methyl- 

SO2 









amine 


Bottoming-cycle turfoine-inlet 
temperature, 

600 

GOO 

600 

600 

600 

600 

600 

600 

1000 

Heat ro|ection method (cooling 
tower type) 

Diy 

Dry 

Dry 

Dry 

Wet 

Dry 

’.Vet 

Wet 

Wet 

Boiler pinch-point AT, °F 

30 

30 

50 

70 

30 

30 





Bottoming-cycle power, MW 

23.5 

23. G 

22.7 

21.9 

24.3 

19.1 

16 

20 

78 

Total power, MW 

102 

. 

101 

102 

101 

103 

76 

97 

101 

233 
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TABLE 5.12-2. - PARAMETRIC VARIATIONS FOR COMBINED CLOSED-CYCLE GAS TURBINE/ ORGANIC RANKINE SYSTEMS 


Parameter 

General Electric 

Westinghouse 

Case 

34 

35 

36 

37 

38 

39 

40 

41 

46 

47 

48 

49 

50 

51 

52 

Prime-cycle turbine- inlet tern- 

1500 

1500 

1500 

1500 

1500 

1500 

1500 

1500 

1500 

1500 

1500 

1500 

1500 

1500 

1500 

perature, “f 
















Prime-cycle pressure ratio 

2.5 

2.5: 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

Recuperator effectiveness 

0.85 

0.85 

0.85 

0.85 

0.85 1 

0.85 

0. 60 

0.90 

0 

0 

0 

0 

0 

0 

0 

Recuperator pressure drop, AP/P 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

0,03 

— 

— 

— 

— 

— 

— 

— 

Heat rejection method (cooling 

Wet 

Wet 

Wet 

Wet 

Wet 

Dry 

Wet 

Wet 

Wet 

Wet 

Wet 

Wet 

Dry- 

(c) 

Wet 

tower type) 
















Pump-up cycle turbine-inlet 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

2200 

2200 

2200 

1100 

2200 

2200 

2200 

temperature, **F 
















J®ump-up cycle pressure ratio 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

10 

10 

10 

10 

10 

10 

10 

Bottoming-cycle tuibine-inlet 

430 

410 

390 

410 

390 

430 

460 

400 

700 

700 

500 

450 

500 

500 

950 

temperature, 
















Bottoming-cycle turbine- inlet 

IT 00 

1700 

1700 

1600 

1500 

1700 

650 

1500 

2500 

2500 

2500 

2000 

2500 

2500 

1800 

pressure, psia 
















Bottoming-cycle working fluid 

R-22 

R-22 

R-22 

R-22 

R-22 

R-22 

PL-85 

R-22 

R-12 

R-12 

(b) 

(b) 

<b) 

(b) 

SO, 

Boiler pinch-point AT, “f 

30 

30 

30 

50 

70 

30 

50 

.lO 

40 

40 

40 

40 

40 

40 

40 

Bottoming-cycle power, MW 

69 

66 

64 

63 

57 

65 

144 

60 

165 

128 

105 

111 

100 

105 

209 

Total power, MW 

344 

342 

340 

338 

333 

340 

408 

337 

364 

327 

413 

450 

400 

413 

408 


“Not applicable. 
'^Methylamine. 
‘^Direct condensing. 























TABLE 5.12-3. - CAPITAL COST BREAKDOWN FOR OPEN-CYCLE CAS TL'RBINE/ORGAYIC 


RANKINE SYSTEMS 



General Electric 

Westinghouse 

Case 

Incremental 
cost of bot- 
tom cycle fo r 
case 30 

Case 

Incremental 
cost of bot- 
tom cycle for 
ease 95 

30 

6 

95 

97 

■ 

Cost, S/kWe 

Major components; 

mm 







Prime cycle 


101.7 


73.1 

53.6 

104, 6 


Bottoming cycle 

■SI 

0 


40.6 

67.5 

0 


Total 

121.0 

101.7 

166.0 

113.7 

121.1 

104.6 

250.8 

Balance of plant 

113.3 

22.8 

411.2 

219.9 

181.6 

65.2 

1187.8 

Contingency 

46.9 

24.9 

115.6 

18.0 

17.8 

8.1 

82.9 

Escalation 

31.4 

9.7 

102.0 

48.9 

52.6 

16,8 

252.4 

Interest 

25.8 

8.0 

83.7 

53.5 

58.7 

17.7 

279.9 

Total capital cost 

338.4 

167.0 

878.5 

454.0 

431.8 

212.4 

2053.0 

Bottomlng-cycle working fluid 

FL-85 

— 


R-12 

SOg 

— 


Estimated time of con- 

2 

1 

— 

3.5 

4.0 

2.5 


struction, yr 
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TABLE 5.12-4. - CAPITAL COST BREAKDOWN FOR CLOSED-CYCLE GAS TURBINE/ 

ORGANIC RANKINE SYSTEMS 



General Electric 

Westin^ouse 


Case 

Incremental 


Case 



B 

40 

B 

cost of bot- 
tom cycle for 
case 35 

46 

48 

52 



Cost, $/kWe 



^m 

Major components: 



294.5 




nn 

Prime cycle 

239.2 

189.6 


HB 

■BB 


Bottoming cycle 

44.7 


0 





Total 

283.9 

224.9 

294.5 

239.4 

136.5 

144.0 

13'). 2 

Balance of plant 

240.2 

249.0 

188.4 

45G. 1 

170.9 

208.3 

149.4 

Contingency 

104.8 

94.8 

96.6 

137.9 

20.4 

23.9 

18.8 

Escalation 

150.3 

135.9 

112.5 

.309. 1 

66.3 

78.0 

61.7 

bterest 

174.9 

168.1 

122.2 

395,5 

76.2 

90.0 

71.2 

Total capital cost 

954.0 

862.7 

814.2 

1537.9 

470.3 

544.2 

431.3 

Bottoming-oynle working fluid 

R-22 

FL-85 

mm 


R-12 

(a) 

SOg 

Estimated time of con- 

5 

5 

H 


5 

5 

5 

structicm, yr 









^Methylamine. 
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Figure 5. 12-i. - Schematic of General Electric organic Rankine bottoming cycle to open 
gas turbine. 


f Prime-cycle conditionss 708® F for R-12 and 
I methylamine; 1090^ F for SO 2 



Stack 


Figure 5. 12-2. - Schematic of Westinghouse organic Rankine bottoming cycle to open 
gas turbine. 
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Figure 5. 12-3. - Schematic of General Electric organic Ranhine bottoming cycle to closed 
gas turbine. 



Figure 5. 12-4 - Schematic of Westinghouse organic Rankine bottoming cycle to closed 
gas turbine. 
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CostofetectricHy. mills/kW-hr Cost of eleDtricify milIsfkW-hr 


“Wi— 


General Electric 
case 37 Q 


30L_ 

.30 


O Westinghouse data 
□ General Electric data 

Q Westinghouse case 95 tR-12i 


General Electric 
base case 6 ^ 

(top cycle for 
all cases except V) 


.35 


General Electric cases 

r31 O Westinghouse case 96 
30 (methylaminel 
yi-' n36 


Westinghouse 
•base case 31 (top 
cycle for all cases 
except 971 | 

.‘TO 

Powerplant efficiency 


Westinghouse q 
case 97 (SOj) 


,45 


.50 


figure 5.12-5. • Effect of powerplant efficiency on cosi of electricity for open-cycle gas turbinelorganic Rankine 
systems. 



Figure 5. 12-6. - Effect of powerplant efficiency on cost of electricity for closed-cycle gas turbinelorganic Rankine 
systems. 
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Cost of electricity. mills/kW-hr 



40 1 — 


O Westinyhouse data 
O General Electric data 


35 


General Electric 
base case 6 (top 
— cycle for all G. E. 
cases except 3?i 



General Electric cases 
34 -in 


-Westinyhouse base 


case 31 (top cycle for 

\'-30 

all cases except 97) 

'-36 

1 

250 300 

350 

Capital 

cost. $/kWe 


Q General Electric 
case V 

Westinyhouse 

case % /-Westinyhouse 

(methylaminel-'N.^ ° case 96 (R-12) 

O Westinyhouse 
case 9? (S 02 i 

400 ^ 450 ^ 


Flyure 5. 12-7. - Effect of capital cost on cost of electricity for open-cycle yas turbine/oryanic Rankine 
systems. 



Eiyure 5. 12-8. - Effect of capital cost on cost of electricity for closed-Qfcle gas turbirie/organic Rankine systems. 
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(a) Variation in turSine-inlet tern- tb) Variation in ic) Variation in condensing lemMralijre: 

peralure; pinch-point AT. 3 ^ F: pinch-point turbine-inlet tem^ature, 43(r F; 

condensing temperature, 95^ F. AT; turbine- pinch-point AT. 3(rF. 

inlet temper- 
ature. 4lif F; 
condensing tem- 
perature, 92° F. 

Figure 5, 12-9. - Effect of General Electric bottoming-cycle variations on powerplant efficiency and cost of electricity. 

Topping cycle is G.E, 's closed gas turbine case 1; organic fluid is R-22. 



Figure 5.12-10. - Effect of organic-turbine-inlet temperature on combined-cycle efficiency j 

for three bottoming-cycle turbine efficiencies. Topping cycle, closed gas turbine; effi- [ 

ciency, 0.356. Bottoming cycle: fluid. R-22; turbine-inlet pressure. 1700 psi (super- 
criticall; condensing temperature. 94.1°F. 
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5.13 MATERIALS 

by Salvatore .7. Grisaffe, Robert L. Davies, 
and Marvin Warshay 

The Materials Advisory Gtoap (MAG) reviewed, evaluated, suninatized, conpared, 
and conmented on the materials requirements as well as on the materials 
selected Eor both the General Electric and Hestinghouse systems analyzed in 
ECAS Phase 1. This review involved all base~case materials needs, as well as 
those for any other significantly different systems, and included 
consideraticn of the following; 


(1) Contractors* estimates of the date of commerical readiness and tbe 

plant construction time to provide an indication of the time frame in which 
materials must be developed and demonstrated -j c ku 

(2) Contractors* proposed system operating conditions to provide for the 

reader a capsule view of the system requirements in relation to 

MAG-identified critical components and materials needs 

(3) A summary of MAG-identified critical components including .only those 
components MAG identified to be materials, life, or fabrication critical 

(4) Materials the contractors selected for these critical components 

(5) Contractors* assumptions and a short summary of the stated basis for 

materials selection, if given vwo 

(6) Contractors' estimates of the maturity or state of the art or tn . 
materials selected as related to the specific application and system 

(7) MAG view of the key materials- related uncertainties in each system 

(8) MAG view of the technology advances required to ensure that 
cost-effective materials would be available for the critical components when 

the const ruction is scheduled to begin ^ i j 

(9) HAG estimate of the probability that adequate materials could be 
developed and demonstrated by the time they would be needed for piant 
construction (This estimate reflects the HAG judgement of the difficulty ot 
the major problems as well as the time frame available for their solution.) 


Caution is necessary since thi 
designs. More detailed desi 
critical component life and 
development of realistic data 
system requirements, etc., have 
MAG comments mainly reflect 
selections were, based on the 
not attempt to judge the rela 
nickel supetalloy over the othe 


s review is based on very preliminary Phase 1 
gns and cost informaticn, trade-offs between 
initial component and materials costs, the 
bases for some of the unusual environments and 
yet to be established. Thus, at this time the 
their view of how reasonable the materials 
information available. For example, MAG did 
tive merits of one contractor's proposed cast 
r*s for similar open-cycle gas turbine service. 


in addition, it must also be recognized that for the mature conversion 
systems, the materials state of the act is also mature, and extrapolations to 
longer times or somewhat mote severe conditions are on a sounder basis. 
Furthermore, for mature systems at least first-approximation analytical 
techniques have been developed Eor design and life estimation as well as for 
estimation of maintenance costs. The Less mature a system is, the less well 
founded are the materials selection criteria, and the less accurate are th 
HAG judgements as well. This applies to both higher performance (temperature, 
life, etc.) versions of mature systems as well as to systems 
require demonstration of commercial feasibility. 


that still 


The results of this review 
tables 5.13-2 to 5.13-12, 
paragraphs. 


are summarized in table 5.13-1, are detailed in 
and are briefly discussed in the following 
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5.13.1 Qaen-CYcle Tujcbin.es 

Materials required for air-eooled, open- cycle gas turbines, alcne or combined 
with a steam bottoming cycle, were evaluated by »"AG (table 5.13-2). The 
concerns are the lack of experience with such cooled machinery over the 
S?o1ected lifetimes - 50, 000 to 100,000 hours for hot-gas-path compnents - 
aJd thr laJk cf knowledge on the extent of the probable corrosion from 
impurities in the low-Btu (LBTU) gas or other cMl-derived fuels. the 

tine frame propesed - materials ready by about gudges the 

oJSLbllitV of reaching such long lives as moderately high. However, the 
proposed lew metal temperatures (approx 1650® F) must be achieved, must 

be ^clean, and true base-load operating ^ 2200® 

and little load-following) must be followed. Although 2200 
F-turbine-inlet-temperature machines could be built and operated ♦’O^^y on 
«semi-clean” fuels, replacement ot hot-gas-path components would probably be 
much more frequent than anticipated, possibly in the 5000- to 10,000 hour 
?anae 1° best. The long-time utilities operation of even mote advanced 
machines, with 2400° to 2500° F turbine- inlet tem pe ca tu res, is beyond the 
current state of the art. Here, in particular, long-lived combustor materials 
technology is lacking. 

For even higher temperature machines, with water-cooled static and/or rotating 
components Stable 5.13-3) or with ceramic airfoils, the 
life demonstration and fabrication of the more complex, 

hardware have vet <-o be solved. With a somewhat longer time available for 
development of^these machines (materials must he ready about 14B2) , ^ 

moderate crebability of having the materials ready if a magor technology 

effort 'is made. Again, replacement frequencies 

are anticipated. If such components must have lives in the 50,000 to 

T5S MO -SSr range, the probability of having materials developed and 
demonstrated by 1982 is low for water-cooled airfoils and very low for large 
ceramic rotating airfoils. 

5.13,2 closed -cycl e Gas Turbines 

The closed-cycle gas turbine and supercritical carbon dioxide system base 
cases (tables 5.13-4 and 5.13-5) are proposed for . 

1500° F(1000 psi) and witn carbon dioxide at 1350“ F (3800 1 

There is a teal need for demonstrated, long-lived, heat-source heat-exchanger 
VS,nt tLl Jre combustion gas resistant since these temperatures are 300° to 
son® F hevond the current state of the art for the most advanced steam system 
I Similarly it should be proved that the turbine hot-section 

hioh nrotaabilitv that suitable materials can be available. For the 

^ ^ av 1 SO no p 11000 o *^i) but with [nateriai.s requiring 

system operating Le ^probability of readiness is considered only 

1“' ,o5!a'r.rto.e ^ .oae«t.l, ugh It ugnlrtc.nt 
eva!uation Inf deS^opment work were directed toward appropriate gas-cooled 
reactor materials in^the next several years. Pot helium systems 
the 1700° tc 1800° P range, MAG has serious concerns about the ul imatt 
IJli’ISility of long-iifl heat-source heat- exchanger tubing. Thus, in all 
tlelf caiel therf is a recurrent need for higher tempeptuce, higher 
strength and more -corrosion -resistant heat-source heat-exchanger 
mlSfal tf be developed and demonstrated as suitable for long-life, 
closed-cycle system service. 
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5. 1 3 Q m a nic b ot t onin g c vclo 

for tho oiqanic oottouiny cycle, the contractors' naterials assessaen'ts were 
rather limited. For this reason no separate table was developed, Hovewer, 
from studies of other low-temperature organic cycles, there ate no key 
materials uncertainties trom the standpoint of containaent or operating 
component life. The major unceftainties are associated with the 
fluid-containment materials interactions with the Freon-type working fluid and 
with the selection of operating temperatures to ensure stability of the 
working fluid. Above approximately 400® P, degradation of the working fluid 
can bo catalyzed by some materials or can result from leakage of air or oil 
into the working system. 

The flAG assessment of the probability of success for this systen is high, 
provided adequate material- fluid interaction data are available, suitable 
materials are selected, and temperatures are held to near 400® F so as to 
insure thermal stability of the working fluid. 


5,13.4 Liiu id -Hetal aaiik-Lne Toppin g Cy cle 

The liquid- metal topping cycle is based on _ prior, 
space— elec trie— pow e r— rei at ed, potassium Rankine studies. It benefits from 
the extensive work en the liquid metal fast breeder reactor (LHPBR ) , For the 
moo® F potassium (K) case (table 5,13-6), the fire-side corrosion/potassitti 
corrosion data base is hot sufficiently well developed to estimate boiler tube 
life reliably, even though at this temperature K corrosion alone should not be 
a major barrier. At 1400® F, the K turbine could be built of superalloys, 
but to design for a 30-year turbine life, long-time corrosion data are needed 
ass well as mechanical property stability data in a K envifohmeht. Assuming 
materials with adequate corrosion resistance are identified, BAR sees no major 
materials barrier and estimates a moderate probabilitv of success as long as 
adequate support is provided within the development time available (estimated 
to be until apprex. 1986). 


5.13.5 Advanced Steam Systems 

For advanced steam systems (table 5,13—7) , boiler tube problems should be 
minimal at 3500 osi/100G® F steam conditions if the following hold true: (1) 
the flaidized beds adequately remove the sulfur in the coal combustion gases, 
(2) the low combustion temperatures help minimize hot cortosi on/erosion attack 
due to sulfur and other coal impurities, and (3) higher temperature (more 
difficult to fabricate) tube materials are not needed (1. e., stainless steel 
can be used). The NAG then expects the major concerns to center around the 
turbines used to drive the bed 's air compressor since the turbine components 
will be exposed to the bed's combustion gases with little, if any, hot-gas 
cleanup. However, for increases in steam temperature to 1200® F and beyond, 
major improvements in boiler tube naterials would be required. AlsOi^ since 
forginq large steam turbine rotors from the required higher strength alloys is 
beyond the state of the art, the aircraft engine concept of separately forged 
disks and shafts should be given careful attention if 1200® F (and above) 
steam is ever found to be needed. Therefore, for the state-of-the-art steam 
conditions, materials for both the atmospheric and the pressurized fluidized 
beds appear to have very high and moderately high (respectively) probabilities 
of being ready when needed. In the latter case, pressurizing turbine 
materials will require considerable development and thus there is a moderately 
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low probability of long-lived materials being ready within the short 
development time estimated (approx 1979). 

5.13.6 laanetchYdrod ynamic Systems 

Because of the lack of any significant MHD operating experience under full 
utilities load conditions, MAR generally estimates low probabilities of 
materials being ready when needed for most yariations of the HHD^ power 
systems. For very high-temperature, open-cycle systems with approximately 
3000° F or greater air preheater temperatures (tabl.( 5.13-8), the basis for an 
unfavorable estimate is more specific: seed/ slag attack and the potential 

for degradation of the electrodes' electrical properties from 
seed/slag/elcctrc;le interdiffusion or from changes in the slag (input coal) 
composition. Little real-time data have been obtained in clean or coal-fired 
systems. Thur, the open-cv'i«i '’HD materials development problem appears to l;e 
very difficult, and BAG is very uncertain as to the probability of suitable 
mat erials beitig a vailable when needed. Due to such uncertainties, both 
contractors estimated long times before start of plant construction. A large 
national MtiD materials development and demonstration effort could improve this 
situation. 

The closed-cycle MHD (table 5.13-9) operates at similar or higher 
heat-exchanger temperatures. Here some of the same considerations apply but, 
instead of slag, the potential corrodent is cesium seed. A major MAG concern 
rests with the long-time integrity of the primary heat exchanger and the 
prevention cf combustion gas leakage into the cesium-seeded argon system. If 
such leaks occur, the refractory-metal electrodes would fail' rapidly as a 
result of oxidation. 

The liquid-metal MHD system (table 5.13-10) could draw rn the materials 
technology developed for the liquid-metal fast breeder reactor. Since the 
materials must cnly operate in the 1200° to 1400° F range, the problems are 
potentially less severe. Again, however, the lack of real operating 
experience gives little basis for estimation. If plant construction is to 
begin in 1975 (as Hestinghouse estimates), the probability of the materials 
being ready is extremely low. If however, a 1985 dafe is considered (as by 
G.E.), there is a moderate probability that the materials could be ready. 


5. 13.7 Fuel cells 

The techneiogy of lew- temperature fuel cells (table 5,13-11) appears to hinge 
more on the cost of components than on any one major material inadequacy. For 
the solid polymer electrolyte (SPE) cell, it is the costs of the polymer, the 
electrode current collectors, and the platinum electrode catalyst that are 
crucial. At 170° F, current- state-of-the-art SPE cell materials could have 
useful lives to 100, OOC hours. At 300° P, lives less than 10,000 hours are 
expected. The chances are moderately high for the phosphoric acid cell to 
reach 40,C00-hout lives. The potassium hydroxide system requires advances in 
carbon dioxide control if lives are to be exteT,ded beyond 10,000 hours. And, 
for all three systems, additional effort will be needed before the fuel 
processor catalyst life can be confidently predicted or the desired lives 
achieved. 

For higher temperature cells (table 5,13-12), HAG has greater concerns. 
Corrosion, nickel electrode sintering, and electrolyte loss at 1200° F ate 
three problems that lead to only a moderate probability of having materials 
ready by about 1988 (Westinghouse estimated date). The very high- tempo rat are 
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(1832® P) 2 iceonium dioxide cell has a moderately low probability of materials 
readiness because high- tempera tore stability has not been proved and because 
brittle ceramic interconnects are needed. 


5.13.B Concludin g H em ar ks 

In the Phase 1 effort, both contractors proposed state-of-the-art materials; 
for all BajGt sys'tens. And, in general, both contractors extrapolated 
mechanical property data to very long times and assumed no mlc costructural 
instabilities. The laterials Advisory Group reviewed these proposals. They 
concluded that most of the systems could probably be built with the materials 
proposed but that stch materials have not been guallfied for lengthy service, 
especially in many of the new environments. Thus, operating lives are 
expected tc be far less than those estimated or desired. A sound data base is 
urgently needed to help establish concept viability and to assist designers of 
pilot/demonstration plants in achieving realistic lifetimes for critical 
components. Such information would also help in calculating component 
replacement costs. 
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TABLE S. 13-1. - MATERIALS ADVISORY GROUP (MAG) 


System 

Table 1 

approximate max- 
imum temperature 
(gas, liquid, tur- 
bine inlet, etc ' , 

»F 

Critical-component 
life, hr; or 
plant life, 

yr 

Estimated 
plant com 
avallal 

year of 
mercial 
lility 


General 

Electric 

Westing- 

house 

General 

Electric 

Westing- 

house 

General 

Electric 

Westing- 

house 

Open-cycle gas turbine 

5. 13-2 

2200 

3200 

50 000 

100 000 

1980 

(a) 

Air-cooled combined 

5.13-2 

2200 

2200 

30 000 

100 000 

1982 



cycle 


2800 






198« 



Water-cooled combined 

5t13-3 









cycle 











Closed helium cycle 

5.13-4 

1500 

1500 

100 000 

100 000 

1987 



Supercritical carbon 

5.W-5 

1350 

— 

100 000 


— - 

1995 



dioxide cycle 











Liquid-metal topping cycle 

5.13-6 

1550 

1800 

100 000 

100 000 

1992 



(metal vapor Rankine) 











Adt'anced steam systems 

5. 13-7 

1200 

1000 

30 yr 

100 000 

1987 



Open-cycle MUD 

5.13-8 

2950 

2990 




- — 

1997 

1990 

Closed-cj'cle MUD 

5,13-9 

^3000 

3800 



— 

... 

2000 

1990 

Liquid-melul MHD 

5.13-10 

1300 

1200 


\ 

30 yr 

1991 

1983 

Solld-polymcr-eleclrolyte 

5.13-11 

170 

— 

100 000 

— — 

— 

1986 



fuel cell 











P!w>sphoric acid fuel cell 

5.13-11 

375 

373 

40 000 

10 000 

1982 

1985 

Potassium hydroxide 

5. 1.3-11 

— 

158 

— 

— 



.... 

198.5 

{ucl cell 











Molten carbonate fuel 

5. 12-’2 

— 

1200 

— 

— 





1990 

cell 









1 

1 


Ktreonium dioxide fuel 

5. 13- 1: 

1832 

1832 

— 





.... 

2UUU 

cell 









J 



Time to construct 
plant, 

yr 


General 

Electric 


Westing- 

house 


5 
7 

6 
C> 
2 


®Not estimated 


bM°= mature; MM = moderately mature; Ml = moderately Immature; 1 = Immature; Vl = immature. 
‘'Cannot estimate without knowing plaat avaUablllty date to estimate when material must be rcadj- . 


2.5 

4 


6.5 

5-6 

8 

8 

8 

1.5 


^BCEDINO 


BUNK SOT HUM, 
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REVIEW OF EGAS PHASE 1 BASE CASES 


Year that materials 
must be ready 

— - 

Current estimate of materials 
maturify** 

MAG estimate of probability that 
materials could be developed 
and demonstrated 
when needed 

General 

Westing- 

General 

Westing- 

MAG 


Westing- 

Electric 

house 

Electric 

house 




house 

1979 

la.) 

M 

M 

MM 

Moderately high 

(c) 

1979 



M 

M 



Moderately high 



1982 



MM 

— 



Moderate 



1983 



MM 




Moderate 



1990 



MM 

— 

MM 

Moderately hi^ 



1986 



MM 

MM 

MM 

Moderate 



1982 



I 

M 

I(G.E.)-M(W) 

Moderately low 

Hi 


1990 

1982 



I 

VI 

Very low 

Very low 

1994 

1982 



MM 

I 

Low 

Low 

1985 

1975 



M 

MI 

Low 

Extremely low 

198<i 

— 

— 

MM 

— 

MM 

Moderate 

(c) 


1980 

1983 

M 

MM 

M 

Moderate 

Moderately high 

— 

1983 

— 

1 


MM 

(c) 

Moderate 

— 

1988 

— 



MM 

(c) 

Moderate 

— 

1998 

1 



MI 

(c) 

Less than moderate 


origins KASE q 
<W POOB QVALTIY 
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TARLE r».ia-2. - AIH-COOLED OPEN-CYCLE UAS Tt'llRINES 



N) 

(D 

O 


Wi\ Huhc c'liaes 'av Pliose 1 


Critical component 

General Eleolric 

(Turbine-inlet ten^eniturc» 2200® E; presaure 
ratio, 12; air-cooled Itol section; fuels: simple 
e> cle, high-DIu gus; recuperated cycle, hlsh- 
Hlu gas; combined t-yele, low-Blu giis; 
cstitmited date of commerolal 
avullnblllty. 1080) 

Westinskouse 

tTuiWne inlet tcmpomlu re, 2299® 1’; pressure 
ratio, 10; aii-eooledhol seotion; fuels: re- 
cuperated cycle, eaiil dtstlllute: comblnud 
cyele (Pil-- 12), lo%v-lUu giis; emnblnee 
cycle (Pit - 121, ucm! dlstillute; com- 
nierobil iivuiliibillty dale net pi-ovl<led) 

MAO eonuneiit 

(G.E. defines all fuels as clean but WcsMngUoiise 
considers low-litu g:is as dlTty) 

TijiiiUie lioiizle 

Cast Ni or Co alloy (X— 10) cooled lo 1975 state 
of Die art 

Cast Co alloy (MAH M-599), with CoCrAlY 
coating for losv-lHu gas, cooled to lifl75 slsil«> 
of the art 

Such imiterialK are now in commercial aircraft 
and peaking power turbine use; in these cases, 
GoCrAlY ooiUingH provide adetpiale hoi corrosion 
pi-oloc'Uon foi- the sliortcr times to rcfurldshment 

Turt)lne bhnle 

Cast Ni alloy (Inconel-728 or Ilcn6 8U) cooled 
to 1075 state of tlie art 

Cast Nl alloy Ukllniol-SuU). with CoCVAlY 
coating fo!* low- Ulu gas, cooled lo 1975 
slate of the art 

TmiMne disk 

Wixuight Nl alloy (Inconel-Tfttft cooled U> 1975 
state of the art 


t'ombu«lor 

Sheet Ni alloy (Hastelloy-X) cooled to 1975 
Kbite of the art 


Combustor materials and designs sm* question^ 
able for the long lives deslroil 


(b) AsHumpUona, cHtimiUi?3, uncerlnlnli«s, ;miJ pi'OhnblULioa for Phiiae I 


•• 

General Electric 

Wesllnghouse 

MAG con;wcnt 

Assumptions for 
Phase 1 matcriuls 
selection 

59 000-Hour life for hot-gub-puth components; 
:U)«.yeiir life for remainder of eoinponents 

199 OIHl-iiour hot-gas-piith life; life in "clean^’ 
fuels Is oNldation Umilodi life in low-Htu gas 
is liol-corrosion limited 

Both conlrsuTlors acknowledged tlial the ability of 
the prcrposerl alloyiS to survive 50 OOU to 199 909 
hours In highly cooled machines has nol been 
dDmonstraled^ Such lives are difficult to prcdlel. 

The long-time severity of coal-tlerivod-fue! eoin- 
hustton products Is nol known, and Uiere seams 
Ui be a <llBugreement on their environmenUil 
severity. 

Hstinmtcd state of the 
art for materials 

Mature at 2290® F tm-blne-lnlct lempemture 

Miiliiri’ nt 3200*’ I' tin-himi-inlct icmperaturo 

Itebitlvdly mature for olean-fueled uiiMU’aft ami 
peaking power turliiniw?, with lO (JOU- to 20 090- 
haur life at uirhine-inlm temperatures of 
^2S99° F 

MAG-llstcd key 
uncertaliitv 

•J'ho long lives that were assumed ami upon which maintenance coats were estimated - HoU» raechnnlcul property and enrironmeiitul reslstanco effects 
on life need better <lufinllt»n. 

'rechnolog> advance 
required 

Extension of materials life data to longer limes - No malor advances are required for 22P0® F cases, but the 2400° to 2500° F cases require Im- 
proved materials for combustors and other hot-acctlon components. 

MACi esiitmile of tlu* 
pcobibilUy that ma- 
terials will he ready 
when necdf%l 

McMUsruUdy high for 2200° V service if InUlal part-rcpluecment frequencies are cilose lo current stale of the art. For 50 090- to 109 000-hoor life 
at 2209° F and above and/or In Io\v-litu g:is, tlie praliabllity of success by lif79 Is low, especially If rotating ceramic blades ui*e required 
(Westinghoiise, Phase 2|. 






TABLE 5,13-3. - WATER-COOLED OPEN-GYGLE GAS TURBINES 


^a) Base cases for Phase 1 


Critical component 

General Electric 

(Turblne-lnlet temperature, 2400® F; preasure 
ratio, 16; water-cooled hot aeoHon; low-Btu 
gas; bottomed with steam at 3500 psi/ 
1000“ F/1000® F; esUmn ted date of 
commercial availability, 1986) 

MAG comment 

Tuibine nozzle and turbine 
blade 

Ternary composite - Hastelloy-X clad on cast 
Udimct-500 with internal Cu clad - cooled to 
1975 state of the art 

All consUtuenta are atate-of-thc-art materials, 
but fEibrlcation and quality control development, 
proof-of-concept demonatration on airfoils, and 
cost effectiveness have not been established. 

Turtiinu dink 

Wroui^t Fe-Nl alloy (A -286) cooled to 1975 
state of the art 

State-of-the-art alloy 

Combustor 

Ni-baac sheet (HuBteUey-TO 

Alloy is state of the art, but operation at 2800® P is 
not. Improved materials are needed. 


(b) Assumptions, estimates, unucrtalnties, and probabilities for Phase 1 



General Electric 

MAG comment 

Assumptions for Phase I 
materials sciections 

30 000-Hour life for hot-gas-path compo- 
nents; ”30-yeaT life for remainder of com- 
ponents 

There is no state of the art on which to base these 
assumptions. 

Estimated state of Ihc 
art for materials 

Moderately mature 



MAG-listed key 
uncertainties 

The long anticipated lives, the low maintenance cost estimates, the design philosophy, and the in- 
Qucncc of external and/or internal deposits and croRion on cooling efficiency require much more 
consideration. 

Technical advances 
required 

The design, materials, and fabrication process, as well as the nondestructive evaluation (NOE) for 
ternary composite airfoils, must be optimized and a long-life demonstration made. An improved 
combustor material is needed. 

MAG eatimitte of Ihe 
proliability that ma- 
terials will be ready 
when needed 

Moderate for 5UQ0- to 10 000-hour life of critical tuibinu components; low for lives of 50 000 hours 
and beyond, wiUiiTi reasonable maintenance costs, by 19S2. 
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table - CIX)SED-CyCLE GAS TUKBINES 


CrUital component 


Heater tubes 


Turbine airfoils 


Ilot-ttas ducts 


Concral Electric 

(Helium turbine-inlet temperature, 1500 
pressure ratio, 2.5; helium pressure, 
1000 psia; atmospheric fluidized bed 
with Illinois »6 coal; no steam bot- 
tomint; cyole; estimated date of 
commercial availability, 1987) 


I'e-Ni alloy (Mo- Re 2) 


Cast Ni auperalloys (M21LC or Rend 100) 


Ni-I'e bused forgings tlnconel-70(i> 
Wrought Nl alloy (Hastelloy-X) 


(a) Base cases for Phase 1 

Wostinghouse 

E; (Helium turbine-inlet temperature, 1500 K, 
pressure ratio, 2.5; helium at 1000 psia; 
combustion: (1) pressurized fluidized bed; 
nlinoi. #6 coJ, with 1700° F pump-up 
turbine and pressure ratio of 10; (2) at- 
mospheric fluidized bed with distillate 
fuel; commerolnl availability date 
not piovided) 

For coal, Nl-50 Cr coating on Haj-nes-lSS; 
for distillate, Hayncs-188 

i) First v-ane: 1500° F; cast Co alloy (Mar 
M-509) 

First blade; Cast Nl alloy (TRW-NASA 
VIA) for pressurizing turbine 


MAG comment 


TlUbe protection from ^rrosion needed at these 
temperatures; tubing devetopment needed 

Both contractors propose Mo-TZM for growth 
to 1700° to 1600° F and the use of state-of-the- 
art alloys in the turbine at base-case conditions 


(b) Assumptions, estimates. uncerlainOcs, and probabilities for Phase 1 


Assumptions for Phase I 
miilcrinl.s selecUuns 


Estimiited slate of the art 
iOr nmieriais 

MAtl-i;sted kev 

uncertii tidies 


IVcInneul iidvimees 
ret)uired 

MAti estlnu'te of the 
prabaiiiltl*. that ma- 
te finis will tie readv 
when needed 


Cicneral Eleolrie 
40-Yoiir (-280 000 -hr) Hie 


Westlnidiouse 

100 OPO-Hour Itfe; selective Impure-He 
oxidation of alloys containing Al, Ti, or SI 


Mode .*eVf mature moderate. 

rr,;r r 

m. b..,. ... ^ b,*,.. ....*1. Sr >rm” ..d ...O* K 

tubes for 1500° F primary heat exchangers are not well hacked by operational data. 

tiervin* urc well lievond Ihe of I ho .n’t, _ — "■ 

is needed, am^hibiUty of I!:"!"-"" 

penituix-s of 1700° to 1800° F ami beyond, dm deveiopmenl of commie heater components and large 

tile art. — 


MAG comment 

G. E. 's assumed life (280 OOO hr) is at least 
twice that of analogous current maohinery. 

In both designs, fire-side corrosion will occur 
on external tube surfaces. 

Maturity of materials in He service is only 
moderate. 
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TABLE 5. 13-S. - SUPERCRITICAL CARBON DIOXIDE SYSTEM 
(a) Base cases for Phase 1 


Critical component 

General Electric 

(Turbine-inlet temperature, 1350° F; pressure 
ratio, 2.7; CX >2 pressure, 3800 psij atmos- 
pheric fluidized bed with IllinolB #6 coal; 
estimated date of commercial 
availability, 1995) 

MAG comment 

Turbine blade 

Ni alloys (lnconel-718 or Inconel-617); 
temperature, 1310° F; helium environ- 
ment; stress, 6700 psi 

Only critical for higher temperatures 

Hc.ater tubes 

Inconel-601 

Fire-side and COg corrosion data will be re- 
quired. 

Special ducting 

Refractory-lined Inconel duct 47 inches in 
diameter; temperature, 1350° F; flow 
rate, 10 700 lb COg/sec; stress, 3780 psi 

State of the art is not well defined 


(b) Assumptions, estimates, uncertainties, and probabilities for Phase 1 



General Electric 

MAG comment 

Assumptions for 
Phii.se 1 materials 
selections 

30-Ycar life, based on Larson-Miller 
curve, to keep stresses below those pro- 
ducing rupture 

Fatigue and COg corrosion should be consid^ 
eied, and a more realistic design approach 
is needed. Most turbine preliminary designs 
include creep considerations. 

E.stimiltcd state of the 
art for materials 

Intermediate maturity 

Agree 

MAn-llsted key un- 
certainties 

The materials data base for OO, environmental effects on the corrosion and mechanical 
properties of materials needs extension to support design. 

— 
'I'cchnologj' advances 
required 

Need data base U> use in predicting required technology advances; may require some pro- 
tection against mildly oxidizing/ carburizing environment over 30-year life. 

M\C estimate of tlie 
piobabllUy that mater- 
ials will be reiidy 
when nccdcHl 

Moderately high due to large lead time 
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TABLE 5.13-6. - UQUlD-METAt TOPPING CYCLE 
(a) Base cases lor Phase 1 


Critical compuoent 

General Electric 

n'urblne-inlet temperature. 1400® F; condei- 
sing tcmpuroturc. 110o“ F; atmospheric 
nuldired bed at 155®" F; nilnola*6 coal; 
.15110 psi/l000“ F/1000° F aleam bottom- 
ing cycle; estimated date of commercial 
avallablHtj-, 1992) 

Westinghouse 

(Pressurized fluldlzcd'bed at 1800° F: turbine- 
inlet temperature, 1800° F; pressure ratio, 15; 
Qllw>ls 1^6 coal. Potassium turbine Inlet tem- 
perature. 1400 ° F; condensing temperature, 
1100° F; 3500 psi/l000° F Steam bottoming 
cycle; commercial availability date 
not prevldedi 

MAG comment 

PolasBlum holler tube 

Wrought N1 or Co alloys (Haatelloy-X) l/4 inch 
In diameter and 0.2-lnch wall thickaesa. 

Tube temperature. 1400“ Flo 1550° F max- 
imum; coal combustion gases on lire side; 
potassium with 20 ppm O, Inside 

Incoloy-000, perhaps with Nl*50Cr rladrtlng on 
fire side. Tube temperature, 1400° F; pres- 
sure, 20Q to 300 psia; potassium with 1 to 2 

ppm €>2 

Combined resistance to both potassium (inside) and 
fire-side corrosion (outside) Is not adequately known 
for potential tubing materials. 

First potassium vane 

Wrought N1 or Co alloys (Inconel-617 . 
tlayncs-lBB); temperature. 1400° F 

Not specified 

AbUity to aurvivc 40 years la not known. Also If 
Urge disks MO In. dUm> are needed, forging 

First potaflejium turbine 
blade 

Rene 77; temperature, 1115° F; alress. 
27 600 psi 

Udlraet-TeO; desi^ alress not specified In 
Sept. 1 975 study draft 


First potassium turbine 
disk 

Aatraloy-, temperature, 1135° F; atreas. 
22 260 psl 

Inoonel-90] 


Steam boiler 

304 Stainless aleol 

2^Cr-lMo steel; minimum thldoiesB, "0.35 
inch; temperature, il00° F 

Additional data and design studies are needed to 
clarify the uncertolnlies regarding die ejttent of 
IntergnmuUr corrosion due to oxygen contamina- 
tion of potassium and the need for separating the 
potassium and steam in case potassium leaks 
develop. 


(b) Assumptions, est 

[mates, uncertainties, andiprobabllities for Phase 

1 


Ccncntl Electric 

WesUngbouse 

MAG comment 

AsHUmfihons for Phase 1 
materials selections 

40- Year life at 80 percent utUUation (i.c. , 
32 yr); dealpjed for 0.2 percent creep in 
32 years, no potassium corrosion or 
fatifpie effects accounted for 

Botetlng part life of 100 000 hours based on 
LaTSon-Miller plots: shaft, disk, and blades 
are not cooled 

Assumption of creep-ruptur^conlrolled life Is 
extremely optimistic. Boiler thennal faUgue. as 
well aa liquld-meUl and flre-okJe corrosion oooW 
lower estimates markedly. 

Estimated aUte of the art 
for matorlals 

Intermediate maturity 

Intermediate maturity 



MAG-hated key 
uncerUlnUea 


Ni% verification of comblDed lonjf-tlnie poiaaaium/»r<HHioe wrroaivM 

*»pMUUy for critical tobe Jolrta, where potaaalum or air leakage could be very detrlinenUl. Iflarge dtako are maodato^ for eo.l-elfecO« 
de«ig.!f. the leehnolow la not now ta exlatencc. No eont/llfe trade-off atudle. have been made to determine how long crlUeal oomponenta meat 

flurvivo for economic viability . 


Technology advances 
.•xqulred 


An adequate potaaalum/fl«-aWe eormalon dau baae moat be developed m asaeaa If long boiler «.d tuAln. oomponeot Uvea anr reaBy poaalble. 
If Cs is to be considered, a similar data base will be needed. 


MAO estimate of Uio 
pmbnbilUy that mH- 
terinls will be read>' 
when needed 


Ortymode^tte untU a data baae exlala upon whid, u, eaUm.te life, -fherc la no problem in building the unll wlthm the .tale of the art. but ».t- 
effeetlvn lifetimes moat be demonstrated and a reallatle orlllcal-componatt replacement adtedule developed. 







TABLE 5.1:: 7. - ADVANCED STEAM SYSTEMS 




( If 


1 



dd 

u> 


(a) Base cases lor Phase 1 


Critical componenU 

CenenU Electric 

[Steam cnndltlons: 3500 p8i/l200° F/lOOO* F; 
atmospheric fluldired bi'd at 1550° F; 
Ollnois *0 coal; steam turhlnc Inlet 
temperature, 1200° F; cstlmaled 
date of oummerdal 
avaUabllUy, 1967) 

Westlnghouse 

(Steam conditiona; 3600 p8l/lfl00“ F/IOOO® Fi 
nilnols#6coal; combustloaprocesB: U) conven- 
tlonal liuniace; (2) pressurized boiler - tuibine- 
Inlet tempeialure, 1700° F; pressure ratio, 
16; pressurizing turbine; (3) pressurized 
fluidized bed - turbine-inlet temperature, 
1600° P; pressure ratio, 10; pres- 
surizing turbine; commercial 
availability date not provided) 

B4AG comments 

[The Westin^ouse conventional-funiace case is the 
current state of (he art at3500psi/l000° F/lO00° F. 
Atmospheric fluldizedibeds are |ust approaching 
commercial feasibili^, PreasurUed boilers 
are used in naval service but usually with 
cleaner fuels. P FB state of (he art Is 
not well devdoped.) 

Boiler tubes 

Stainless steels (347) or wrouf^t N1 alloys 
(lnoonel-601)* maximum temperature, not 
stated; Bre-slde corroskm-produciog en- 
vironment 

304 Stainless steel; maximum temperature not 
stated 

State-of-the-art technology is only to 1050° F. 
Beyond (his temperature, flre-stde corrosion 
increases and tube life is short when stainless 
steel is used^ No data base on N1 or Go alloy 
boiler tubing over long-time^ hl^temperature 
service. 

Main steam valves 

^V^nug^Jt Fe-Ni alloys (lnconel-102 for 
body. Inoon^-901 forstem); largf^size 
valves, temperature, 1200° F 

2^ Or-LMo ste^ 

State-of-the-art techrwtogy is for 2| Cr-lMo 
steel. Large wrought Fe-Nl alloy tubing and 
castings are far beyond the 1975 slate of tiie 

Main steam plpiiv 

inconel-102; inside diameter, 26 indies; 
temperature. 1200° F 

2i CivlMo steel 

opment efforts, as General ELectrie points out. 

Tuibine aKell 

Cast Fe-Nl alloy |Eoconel-lC2); large-size 
oomponent; temperature, 1100° to 1200° F 

2^ Cr-lMo steel 


HiBh-pretiaure rotor 

lnconel-601 or A286 Of oQOled); 25 feet 
long and 40 inches in diameter; temper- 
alure, :200° F 

Cr-V-Mo steel with 403 or 422 stainless-steel 
blades 

Large, forged rotors are far beyond^the state of 
the aii when Fe-Nl alloys are required forhtgb- 
temperature use. Disk/ahaft designs are manda- 
tory in such cases, 


(b) AsaumptiDns, estlmales. uacerliUiitiea, and probabiUlles for i^ase 1 



General Electric 

Westlnghouse 

MAG comment 

Assumptions for l^iase 1 
tnateriaU selections 

30-Year steady operation 

ASMEtaoUareode 

Boiler (oonventtonal) desl^ Is well developed. 
TnnslaUon to AFB and &en to PFB boiler 
design has yet to be stdntanUated. 

Estimated state of the art 
for materials 

Immalure for 1200° F; mature for 1000° F 

Current state of the art very mature for 
1000° F 

Ma|or difference in maturity rests wldi boiler 
ttfoes and forged rotors (or 1200° F service. 

MAG-Ui..edkey 

uncertainties 

Boiler tube tnl corrosion at 1200° F service and the design philosophy that requires integral rotors of Ni alloys for 1200° F instead of ahsft/dlsk 
designs as used In aircraft tuiblnes. It is much easier to forge the latter piece by piece than one huge rotor. 

TeefaDotoo' advances 
required 

No taa)or bollei^tube material advancei ate needed if AFB and PFB boUeia produce envltonmenta similar to (or leas aggressive than) those ol 
oonvenllonsl tsJflers. However, pressurizing tuthlnes will requite malor system/oomponent materials development even to achieve reasonable 
operating lives. 

MAG estlmste of the 
profaabillfy that ma- 
terials will be ready 
ahen needed 

Very high tor AFB; moderalely high tor PFB U low-cost, easy-lo- replace pressurizing turbines esn be developed, oBiotwlie moderately low. 
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TABLE 5.13-8. - OPEN-CYCLE MHD SYSTEMS 


(a) Base cases for Phase 1 


Critical component 

General Electric 

{Dt reel fired; OUnois #C coal; 2950*^ Fair 
preheat; estimated date of commercial 
availability, 1997) 

Westingbousc 

«l> Separately fired air preheater, Illinois N 6 
coal, 10 percent ash carryover; (2) dlrec- 
fired preheater, 20 percent ash carryover; 
(3) low-Btu gae-fired preheater; estimated 
date of commercial availability, 1990) 

MAG comment 

(With plant construction time of ? years, it would 
take a major national effort to be on line by 1990. 
The state of the art is not yet advanced enough to 
show commercial feasibility.) 

Air preheater 

AlgO., or MgO for .=.3100° F areas: sta- 
bilized ZrO, for >3100° F areas; 3100° 
to 3600° F gases containing seed and 
ash 

(1) Separately fired air 
preheater: AlnOo; 
3000° F 

(2) Direct-fined pre- 
heater: SiC; 

2400° F 

(3) Low-Btu gus-fired 
preheater: SIC; 
2950° F 

-10 000-Hour life 
*” assumed 

Separately fired and low-Btu gas-fired preheaters 
should have less slagging and slag/ seed corrosion 
than dircct-fircd preheaters. The hoi valves 
' needed arc beyond the state of the art. 

MHD generator 

S-Tesla m:tgnct; 1 percent K; pres- 
sure, 9 atmospheres; gas flow rate, 
1500 to 2000 ft/sec 

6«*Tcsla magnet; pressure, atmospheres 



MHO conductor 

Ni alloy (lnconei-601) ; cooled to 1520° F 
and coated with coal slag 

SIC for direct juid separately fired; 
r:oSr,CtO., for low-Btu gas fired 

MHD generator in- 
sulator 

MrO, orZrOg; coated with 
2(i00^ F coal/sliig seed 

Si,^N^ for dii->ctand separately fired; MgO 
for 1ow*Bta gas fired 

MHO generator magnet 

Nb-Ti In u Cu matrix; 5 teslns; supci*- 
conductin^ 

Nb-Ti; 6 teslas; superconducting 

Magnet weights are estimated to be as much as 
2x10® lb. 

Combustor 

Carbon steel, 90 percent slag re)ection; 
W'litor cooled; temperature, ”‘140° F 

Calcia-stabillzcd Zr02 for all cases; tem- 
perature, 4400*^ F 

The water-cooled approach should lead to longer 
lives, but slag could deposit and alter combustor 
performance. 

Steam boUcr tubes 

«;80()° F 







<b) AsaumpUons, estimates, uncertainties, and probabilities for Phase 1 



General Electric 

Westinghouse 

MAG comment 

Assumptions for Phase 1 
materials selections 

30-Year plant life; a yearly charge of 
20 percent Of plant capital cost for 
maintenance 


Thtire is no basis for estimating the lives of most 
components. The materials were selected pri- 
marily on temperature limits. Seed/ slag corrosion 
effect on life not considered 

Estimaied state of the art 
for materials 

Immature 

Immature 

Wliile oxides. SIC, SigN^, etc., arc in use in other 
applications, no long-time use In MHD-type envi- 
ronments has occurred. Embryonic maturity. 

MAG-listed key un- 
ceriainties 

The ability of the system to operate with a range of coals; Ihe resistance of proposed preheater, duct, and steam bottoming cycle materials to 
sccd/slcg corrosion and thus the life of such components; also, the operating stability and Interdiffusional effects on electrode performance. 

Technology advances 
required 

First, mulerials must be identified, by reasonable tests, that have the desired thermal, electrical, environmental stability properties; etc. Im- 
provement and optimization efforts, as well us long-time demonstration under full-power conditions, will Uten confirm their suitability for MHD 
service. Matalcnanoe costs could be much higdier thiin 20 percent per year. If duct life is only *1000 hours, maintenance costs could be 500 to 
700 oercont of capibil costs, which would mnritedly impact the feasibility of this approucli. 

MAG estimate of the 
probability that ma- 
terials will he ready 
1 when reeded 

MAG Is not convinced that coal slag (whose composition varies with coal source) wUl form a protective, yet properly conducting, and invariant 
coating on the MHD electrodes. Until much more data arc developed, MAG estimates the direct-coal-burnlng case to have a very low probability 
of success. The indireet-fired andlow-Btu gns-flred oases have a slighUy greater probability of success. 
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TABtH 5a:i-a. - closed-cycle ineht-gas mud systems 


(a) Base cases for Phase 1 


Critical component 

General Electric 

(11000° !■’, lO-atmospliere duet inlet; 1800° F 
outlet; 0, 5 percent cesium ill ili-gon; 
nVinois »6 coal or solvent-rotined 
fotll; steam bottoming at 3300 pal/ 
1000° F/l00B° F; estimated date of 
eommereial nvallabllily, 2000) 

Westlnj^nuse 

3800° F, 9-ntmospliere duct inlet; 'ilach U.9; 
all three coals in a fluldized-bed furnace or ; 
HBTU gas - direct fired: eeslun. ii argon; : 
steam bottoming at 8500 psl/lOt ° F/ 
1000° F; estimated date of comm er- 
ciul availubility, 1990) 

MAG comment 

(With 8-year construction timo^ a 1980 date appeairs 
vexy optimistlo*) 

A iTon/ combustion Riis 
heat exdianger 

Ai,0,j brick to 3000° F and then ZrO, brick 
(1-ln. squarts) ^.3000° F 

Y,0,,-Btabiliaed ZrO^; 3000° to 1800° F 

3600^ F values are beyond the state of the art. 
Problems are expeoledJn sealing against com- 
bustion gas/argon-eesium mixture In heat ex- 
changer, 

MHD ^encnitor 

l00-Squait?-(oot inlet; 

24n-foot length; 1,4 million pounds 

Approximately GO feet by 830 feet 

Impurities tor leaks) into argon system mean 
rapid (almost instantaneous) failure. 

MlID gencintor oicctrodc 

W-plated Ta; 2900° F 

TZM orW; 3400° F 


MUD geneintor insulator 

AlgO,; 2900° F 

AL,D,j; 2400° P 


MHD genonitor magnet 

3 Teslas; l4-lnch diameter; 73-foot length; 
2 million pounds 

5 to B Tealiis, NbTt 


Boiler tubus 

Not spccincally mentioned 

Not specifically mentioned 

Materials compulibility with nn?on-cesium system 
have not been established. 


<h> Assumptions, estimates, unccrtaintios, and probabilities for Phase 1 



General Electric 

Westinghouse 

MAG comment 

Assiimptlans for Phase 1 
materials selection 

30-Year plant life; a yearly charge of 
10 percent of papltai cost for generator/ 
diffi- or maintenance and 15 percent for heal- 
cxchanger maintenance; '‘6 to T-year brld; 
life 


There is no basis for these long-life assumptions 
(i. e. » no materials studies) , 

Kstimaled slate of the art 
for materials 

Immature 

Immuturc 

Long-term demonstration of materials la not neiir; 
their development is in Immature shige. 

MAG-listed hey un- 
certainties 

No basis exists for life estimation. No data biise exists for long-time aiimn-ccsium compatibility with system mateiaals. Thus, repair frcqueniT 
eamiot be adequately estimated. Leak^ in nrgon-uuslum/eonihustton gas he:it exchanger could bo dlsusterous to life of refractory'-metal electrode. 
No information on the probability of such leaks wns presented. 

MAG estimate of the 
probability that mar- 
lorials will be ready 
When needed 

Probability of success is slightly greater tlian foil opeii-cyclu MUD .systems - but still low. 
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TABLE 5.13-10, - LIQUUVMETAL MHD SYSTEMS 


K> 

a> 

ID 


(a) Base cases for Phase 1 


Critical component 

General Electric 

(Na/He at 1300“ F; He at .IQ atmospherest 
atmospheric fluidized bed with Illinois H6 
coal; steam bottoming at ,3500 psi/ 
1000“ F/1000®F; estimated date of 
comme rcial availabQity , 1991) 

IVestlnghOuse 

(Na at 1200° F; Aral 82 atmospheres; 1-atmosphere 
fluidized bed cyclone with niiiwis #€ coal; Na flow 
rate, 119 500 Ib/^sec; steam bottoming at 3500 psi/ 
1000° F/i000° F; estimated dote qf commercial 
availability, 1983) 

MAG comment 

(With 8-yr construction time, a 1983 availability 
data means tl)e plant should be started now. MAG 
disagrees stron^y that this is feasible. 

Westinghouse’s use of 100® F lower Na tempeis 
ature lowers Na corrosion potential.) 

llcat exchanger 

Not specified 

316 Stainless steel 

30 000-Hour Na corrosion data exist for stain- 
less steel. 

MHD gcncnitar 

Not specified 

816 Stainless steel; pressure, "1200 psla 


MIfD generator conductor 

Pyrolytic graphite with O/l-lnch W coating; 
1280° F Na and He 

,316 Stainless steel 


MHD generator insiiltttor 


High-purity and high-density AljOij 

— — — — ^ 

MHD generator magnet 

1.3 Teslas 

0. 55 Tesla 


Steam boiler 

■ 

Not spccifled 

2^ Cr-lMc steel 



Assumptions, estimates, '.icertalnties , and prohabilities for Phase 1 



General Electric 

WestingheUse 

MAG comment 

AsHumptlonB for Phase 1 
materials selection 

30-Year plant life: a yearly maintenance 
eharge of 10 percent cf the generator/ 
diffuser capital cost 

Design based on licjUid- metal, fust~brecder reactor 
technology; 30-year life 

There is no real data base to support this life 
assumption. 

Estimated state of the art 
for materials 

Immature 

Mature 

■ 

while Na technology In the LMFBR Is moderate 
in malurity, Uquid-metal MHD technology is 
immature. There is no real assurance that 
materials that are mature in normal service 
will be mature here. Immature. 

MAC-HStaii key 
uncertainlies 

There is no data base on materials behavioi 
attack. 

* under liquid-'mctal openitintj conditions, The system offers the possibility of corrosion and erosion 

Technology advances 
required 

Difficult to identify without a good data base. 

MAG estimate of 
protxibillty that 
materials will be 
ready when needed 

Probability of success may be moderate, but this Is an unsupported estimate. Without access to a good data base, we must rate low. 
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TABLE 5.13-11. - LOW-TEMPBRATBRE FUEL CELLS 


(a) Baae cases for Phase 1 


Critical component 

General Electric 

Westing 

liouse 

MAG comment 


Solid polymer electrolyte; 
HBTU gas/alr at 170® F 
maximum; atmospheric 
pressure; current density, 
250 A/ft^; estimated date 
of commercial avail- 
abUtiy, 1966 

HjPO^ electrolyte; 
niinois #6 coal; 
esUroated date 
of commercial 
availability, 
1982 

HjPO^ electrolyte; HBTU/ 
air at 375® F; atmospheric 
pressure; current density, 
200 A/ft^; estimated dale 
of commercial avail- 

abiliW, 1965 

KOH electrolyte; HBTU/ 
air at 158° F; atmos- 
pheric pressure; cur- 
rent density, 100 A/ 
tt^; estimated date of 
commercial availa- 
bility, 1985 

Electrolyfe 

Solid polymer 0. 005 Inch 
Slid; 

— — — 

8 &-wt % H 3 PO 4 paste 
0.005 cm thick in an 
inert matrix; 10 000 - 
hour life 

30-Wt % KOH paste 
0.05 cm thick in an 
inert matrix; 10 OOO- 
hour life 

Grafted polymer is in early stage of developmem. 
and cost profections are based on current SPE 
state of Ihc art, 

H.,PO,j cell should last “40 OOO hours based on 
state of the art. 

KOH cell life should be j-IO 000 hours If good 
COj scnibbing is used for boBi fuel and air. 

170® F; humidified reactants; 100 000-hour 
life 

Electrodes 

Ti/Pd screens with 0.2-g/ft^ Pt catalyst 

Porous carbon with 
l-g/ft* Pt catalyst; 
10 OOD-hour life 

Anodet porous caz^ 
bon with 1-g/ft^ Pt 
catalyst; ealhode: 
porous caibcn with 
S-g/ft^ Ag catalyst; 
10 000 -hour life 

With 0,2-g/f^ catalyst loading, SPE’a perform- 
ance at 170° F is questionable. 

Fuel processor 

For 1400“ lo 1600® F, steam reformer with NiO 
catalyst; for 300® to BOO® F, shift conrerter(s) 
of iron oxide, Zn-Cu, etc. 

For 1400° to 1600® F, NIO catalyst with steam 
reformer; for 600° to BOO® F, shift converger 
with iron oxide catalyst; 10 OOO-hour life 

Fuel processing catalysts might last 15 000 to 
25 000 hours. 

Effect of tninslent operation on catalyst life and 
performa'ice is not Imown. 
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(b) Assumptions, estimates, uncertainties, and probabilities for Phase 1 



General Electric 

Westlngliouse 

MAG comment 

Assumptlwis for Phase 1 ^ 
malerials selection 

100 000-HnUr life; cost of 516/ft^; thatSPEand 
Pt state of the art could be Improved to desired 
levels 

10 000 -Hour life for both systems; excellent S 
and CO 2 scrubbing for KOI! cell 



Estimated state of the art 
for materials 

For SPE, intermediate maturity; for HgpO^, 
intermediate maturity 

Intermediate maturity for both systems 

Maturity downgraded primarily because of 
catalyst loading and life requirements 

MAG-Iisted key un- 
certainties 

For SPE cell, attainment oi both 0.2-g/ft? Pt loading level and grafted polymer SPE. as well as cell performance at 0. 2 g/fr; also 100 000-hour life for 
fuel processor catalysts 

For H,PO. cells, opUmlzatlon of system for cost by low Pt loading, cell life beyond 10 000 hours, and extent of carbon olcotrode and frame oxidation at 
- 3 4 

376° F 

For KOB cell, ability to remove CC^ effectively at low cost 

Tedinology advances 
required 

For SPE cell, advances arc needed in grafted polymer electrolyte and o. 2-g/ft^ Pt loading, as well as lOO oomhour polymer life - although Uie latter two 
advances may not greatly affect cost. Considerable overall effort will be needed to operated cells at 300 F. 

For HgPO^ cells, the mater advances arc minimizing carbon electrode and frame oxidation at 375 F and lowering costs. 

For KOli cell, cell life must be Increased by 3 or •! limes to lower cost, and CO^ removal needs to he improved. 

MAG estimate of the 
probability that materials 
will be ready when needed 

For SPE cell, at cost of $16/ft^, moderately low; above S16/ft^, moderately hi^ 
For H 3 PO 4 cells, moderately high 
For KOH ceil, moderate 
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TABLK 5.1.VI2. - HIGH-TEMPEnATlUlE FEEL CEL US 


(ti) UaHc c'tiBus for Phusc 1 

. . _ - - - ' " ■ 

CriHoul fonnwiiunt 

Gunenil Electric 

WesUnghouso 

MAG comment 

(ZtO, olucti’ulylc; LBTU/uiriil 
is:i!!°v’; yurvunt ilenslty, 20(1 A/ 
ft": stKiin boUotnlnp atHSUt) pal/ 
1U0«" F/1000® P, commercial 
avuilahility elate not provliled) 

2 electrolyte; HCTL/airat 
1832® F; current density, 408 A/ 
ft"; CD Iwttoming cycle; esti- 
mated date of eommerclul 
awilabllity, 20 UUe 

Molten carbonate electrolyte; 
nBTU/airatl20G'* F; current 
density, 2UU A/ft^; cstl- 
mated date of commer- 
oiid avallttbaily. 10»0 

Klectroli'le 

CiiQ-sbiblll^ed ZrO<> 0.020 Inch 
thick 

Y.,0,j-stabllized ZrO^ 0.0015 
Inch thick 

Li, Na, K carbonate panic 
plus alkali aliimlnatcs ~U.5 
Inch thick 

Thiek cell components lower performance. 

AhfHlc 

Nt with ZtO^ 

Ni-ZrO., cermet 

Porous Ni 

Tends to sinter and performance changes. 

Culhodo 

Sn-ilopeil la,0,| 

Ic _/PrCoO,,_jj 

LUhiated NIO 

An altcmute to lithiated NtO would be to let 
an Nl anode oxidize. 

Into roonmj cl 1 ons 

CoCrjO^ 

Cr.,0., 0. Ulfl Inob thfok 

Nl 

These muterinls have Uvea of "KIDO hours 
at present. 

1 Tube support 

ZrO, 

ZrO^ 


— 

L, , ■■■— -1 

(b) Asaunep 

Hons, estimates, uncertainties, and probabilities for Phase 1 



Cicncml Elect. 'ic 

Wostlnghouse 

MAC comment 

AsKumplions for Phase i 
mntorlul.s selection 

No life assumption was made; 
bottoming cycle is the same as 
for other sle:im systems 

10 (lOO-Hour life was assumed for both cell typos 

For ZrGo. 10 GGO-hour Uvea may be 
achievable - but may not be gootl enoughs 

For molten cjirbonate. present state of the 
art is 10 000 hours, and 30 000 houi-s might 
be a reRBonable goal. 

EstimuU'ti sUilo of the u rl 
for niuterinis 

Low mnturU.v 

Mnderiite maturity 

'Those esllnmtes confllot with contractor's high 
operatlng-and-miiinlcrcineu cost esUmates. 

^tAG-liHlL*^l key un- 

eorUiiiiUes 

For Zrf>,> cells; can thin compo 
^Mments be overw»me; hmv degn 
reiiHstic cell life? 

Nor molten earfionaU* cells: cat 

luuls perform ud«|Uiilelv: can thermal e.xpanslon mtsmulehes behveim brittle i>xlde inlcreDniicctiona and other eom- 
(ItnK are solid-slnte inlerdiffuslonjil offcots on all hl(!h-temperatu re eomponenls ami <hc eleefrolytc, and what Is a 

an "Invariant’’ N'i anode bo made, and how will tl;e coll tolenite impurities? The main iinuoitbilnlv la cell life. 

'I'l'chnoloio a<lvmiees 
vi.'fpo re«i 

Tor y.iiXi cells, finding Um-cost materials wiUi the ncceasniy met'lianical/ chemical pTOpci'llcs for lives =-^l0 OGO hours, cHpceially cell inter- 
connection matcriuls. 

Kor molten t-atismaa* cells, minimum corrosion :iml elceltxdyto loss must he iicUievcd. a porous NiO ciiUmde developed, and sintering during 
service rcdtice<l. 

JIACi (.■sllnuUf of Ihi' 
|ii'iil)iitjilit.v Ihiit mii- 
tL'i'liils will Ih' ivaily 

Wllt’H lUIL-tiHl 

Peir Zil>„, less than moilei-.ite pi-obiibilily 
Pm- nioHeit ui rtianiite. motlenite prubllhllity 




5.14 P«8NftCES IVND GASIFIERS 

by Lester D. Nichols and Raymond K. Burns 

The primary emphasis of EGAS is on the evaluation of the various energy 
conversion systems. An important element of the systems is the furnace or 
combustor and the associated combustion equipment. For each system, 

parametric variations were included for a number of fuel types and combustion 
systems. In some cases coal was used directly; in others a clean or semiclean 
fuel derived from coal was assumed. Some of the parametric variations 
involved the integration of a coal gasifier with the power system. Only 
limited consideration was given to variations in gasifier type, configuration, 
operating faramcters, or method of integration with the power system. Each 
contractor selected one type of gasifier and generally one approach to 
integrating it with each type ot power system, Tn the summary of results for 
each system in section 5,0, the effects of all these parametric variations 
and/or contractor areas of emphasis on the systems results are discussed. The 
purpose of this section is to describe the contractor areas of emphasis 
concerning fuels, furnaces, and gasifiers and to summarize the results from 
that standpoint, ccmparisons are made of different furnace types and of the 
same furnace types between the two contractors, A comparison of the furnace 
performance and the costs is made. Combustors are not included in the 
discussion but are discussed as necessary in the individual system sections. 

5. 14. 1 Scope of Analysis 

Each contractor considered various coal and coal-derived fuels for the energy 
conversion systems. Table 5. 14-1 lists the number of parametctc cases for 
each type of coal, or the type of coal-derived fuel and the coal from which it 
was derived, the energy conversion system, and the contraetor. The number of 
parametric cases considered for each energy conversion system for each type of 
furnace, combustor, or gasifier is shown in table 5,14-2. 

Some of the energy conversion systems considered are open thermodynamic cycles 
in that the combustion products ace used directly in the conversion system. 
The others ate closed cycles, which require the transfer of heat from the 
combustion products to the working fluid of the conversion system. ^ For some 
open cycles, such as ftflD, the parametric variations included direct coal 
firing. For others, such as gas turbines, the coal ash is less tolerable and 
cleaner fuels derived frcm coal were used. In either case, the conponent that, 
burns the fuel is listed in the coibustbt column in table 5.14-2. Other than 
being listed in the table, combustors are not considered in this section. 

The closed-cycle energy conversion systems have not only components that burn 
the fuel (combustors) , but also components that transfer the heat {heat 
exchangers) tc a working fluid. If both processes take place in one 

conponent, that conponent is listed as a furnace in table 5.14-2, All closed 
cycles considered, except closed-cycle MHO, use a furnace. In elosed-cycLe 
MHO the heat is transferred from the hot combustion products to the 

closed-cycle inert gas by means of a regenerative heat exchanger located 

downstream of the combustor. Consideration of this particular system is 

included in section S. 9. 

If the combustion process starts in one component and finishes in another, the 
first component is called a gasifier (or a partial combustion burner) and the 
second Is called a combustor. (If it also Includes the heat exchanger, the 
second component is called a furnace.) 

The gasifiers can also be divided into two broad groups depending upon their 
relation to the energy conversion system. If heat, steam, or pressurized air 
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Eto. Ihs energy convecslon synte. Is '‘“f “LllfESrUanJlng! 
ceferreii to as aa integcated gasifier. I » intecBediate- , or high-Btu 

Mso, the gasifiers can be used to provide 1 , fonversion svstei 

rnalysif^as jrrpprd'ising'an 

"S'e“" o„"e "“iLringheK. Kci'eSed one pa«»‘rl= 

b*E‘rn^^E.rc|J^erB“%rsErE%e:r-^^:j^ssin'g!‘'^ 
ace listed in table 5.1h—2. 

rn»:rn^ofs fna i-rSrsjin’yy-oE 

h^n-^w P(nr ccme of the Hestinghouse systems (such as HHD) it Bagnc ue ac^ueu 

in the total system cost, even though G. E. refers to these cases as 
nonin tegra ted. 

with sufficient velocity, the bed will take on many of the A 

- in articular, the convective heat transfer properties. If some of 

rurtfcle^rrl Te llUnrT. coar:ul 

ihe^«n$erEion^syttem tJckin^ ^'as^^thr^nit can be considered a 

Conventional pulveripd coal furnace is used. ror eoal-derived 
pressurized furnace is used. 

*irrEL“-ss.%!r./frEnnVL^;iy^cp 

irmoOph'S 

furnaces; the furnaces burning clean fuel were all pressurized. 

Whenever combustion takes lace at elevated pressures, the combusUon J^ses at 
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specific ,.r the fcrnice 1-P 

inCiuenee on the amount of _ into %he highest efficiency system - 

one Mould favor putting the most energy _ ^ ^ ^ cycle can also 

but cost say be a a itigatxng factor. to the closed cycle 

be used as heat input to the ^en as a "series" 

is from the waste heat of the ^ r.?n<sefl^ Tn the case of an open-cycle gas 
flow of heat from the open to closed, in the case or an ^ ""cosbiLd 

turbine and a closed steam cycle, the system rs g ^em. But the 

cycle, usually only combustors are used xn the series sysrem. 

other combined systess all have furnaces, 
similar to the atmospheric fluidized bed. 

fluidized-bed furnace from the heat ^ ^^he other. In this 

optimum foi one process may not be the most desirable tor r 

case, the gasifier/ptessurized-furnace concept ^ system with 

schematically in figure 5. -2- Integrating this ^asifier^urn y 

the energy conversion system makes HH Is can have a 

L^?„\fSnt tral pl^^mance of the energy conversion system. 


5.14.2 Results of MiUfJiS 


•j i n «■ n hi o 5 14-2 were chosen for discussion. These 

certain cases considered in t«bi® 5. 1 points were chosen to 

parametEic prints are listed in *rtac»F-ier conditions as possible, 

provide as comparable furnace and gasifier conditions a 

Consideration was given to the parametric point chosen for 

computable conditions, and in ^ ' ^^ametric variation and/or does 

discussion here is not the most Jf Hhete blanks occur in the 

not correspond to a case discussed in s ^ particular furnace 

table, either the contractor did ^ c^nditiSJs were not close 

configuration for that system ^ ^oniv cases involving bituminous coal 

enough to make a comparison meaningful, only cases invoivinn 

are included. 

5.14.2.1 PurnaGe performance 

when burning bituminous coal ‘ tion loss for the fluidized- bed 

is not included in the table. T‘‘® forf the products of the reaction 

cases occurs because it f"®. ^ thp sulfur. ^The effect of fuel type 

between the limestone < or dolomite) __ aggnif urization losses in the 

on the losses is negligible for percent and for 

fluidized beds. For conventional furnace there would 

lignite snJjnr removal, but these losses or energy 

also be a loss associated elsewhere as auxiliary power 

prSsiSea fumace, it is assumed that a 

clean fuel gas is used. 

The loeees Ueted U the table "I5rwy°ll’ ti;e^'’"tJS 

fuel and the furnace operating *__uie but its amount depends upon 

,ee due to eeneiUe 

rusi5“n'lour ^l^thfee^ le"»e, l.cludl'e, the stec. lossee, ere added 
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together to deter«ine the heat-exchanger etficienGy for the ataospherlc 
fnrnace* They are shonn in table 5.14-5 for the chosen cases for both 
contractors. 

The efficiencies for Westtnghouse ’s advanced stea a systen 

JScs. fot ccpatatle G.8. ca,.s. ,^^ 1 . apfaars to b, tb. r.|alf o£ 
a inuer estiaate by G. E. for one or acre of the xteas xn table 
leiotS Electtlo ptortled loss aoMU it /bolt loss btoatao.. and tbo itoas 
where the dlfferance occurs have not been identifxed. 

All the G E. efficiencies listed in table 5.14-5 ate siailar except for the 

ilo»lS-..«l Mbiit;. toppi.9 «K=le. particolar 

because the stack teaperatuce used was 362® P coapared with 300 ^ 

other systeas. There is no apparent reason why 

reduced to 300® F without significant effect on cost. The fact that xt was 
not reduces the tsi^^ocaance estxaate for this case. 

Even for furnaces operating at high pressure, the 

available to the thermody nanic cycle is deternined by consxdering the fosses 
iust described. When the furnace is pressurized, there are tore conponents of 
i»:;i."r ii oxtraotio, tbis oaot,,. 

be sgL in figure 5.14-1 (b). k co.pressor xs ^he! leJ!e the 

A turbine is used to extract energy fron the gases after 

furnace - but theta is still energy in the exhaust gases &®»Jthe turbine. 

This heat is recovered in a Seal cySe d 

preheater as shewn in the sketch or a f®®*®®*®'. . 

LedJ. and the gases finally leave the stack wxth a tenperature about the^sane 
as for systems with atmospheric furnaces. Part of the heat of combustion is 
transferred to the main thermodynamic system, while the test xs recovered by 
the furnace pressurizing gas turbine and the low-temperature heat exchangers. 

£r“c.“o^ n tb" blgbi heating ..lae of the fuel that Is trabsfetred to 
the primary closed thermodynamic cycle is gxven in 

Itessurized furnaces burning high-Btu gas and pressutxzed fluxdxzed beds 
hurninu coal. The amount of energy varies from system to system, for each 
cSnE«ot", aai lton SSattaotot to contraoton for those systo.s oboson 1. 
comnen. 

The numbers in table 5.14-6 cannot be interpreted as furnace loop efficiencies 
flEoE ESEw Ts ; not poaor oatpot fto. the 

The fraction of the entering chenxeal energy that does not go to the prxme 
cvcl" is either lost or used in the open system. The amount lost is 

approximately the amount lost in the atmospheric nriirc«lf*ana 

12 oereont if the stack-gas temperature is the same. If the prime cycle ana 

the furnace pressurizing system were purely in 

nwerall sower system efficiency would be a wexghtcd average ot tnexr 
efficiencies. Thus, the numbers in the table would be the 

in which case higher values ace desirable. However, in some situations the 

prime cycle is itself a combined cycle, with perhaps ® ®*®*"J*°3^®5iable^**iow 
in such^ a case if the combustion gases are reduced to a desirable low 

temperature by adding heat to the feedwater of the bottomxng 
cycle and the^furnace pressurizing cycle are not P«ely in 

such a case this physical interpretatxon of the numbers in table 5.14 6 does 
not apply. 

consider first the pressurized fluidized beds in table 5.14-6. General 
Electric systems transfer about 65 percent to the primacy cycle when the hea 
!„ EEE ESEbSo olbouat g.s io good to ptoboo. tbo co.bobtion olr, aboot 71 
percent when an economizer Is used, and 74 percent when boUer 
heating is used. All these systems used 20 percent excess air, a pressure 


296 


ratio of 10, and a pressurizing turbine-inlet temperature of 1600® F. 
Hestinghouse calculated their cost for the advanced steam case with the same 
pressure ratio and turbine-inlet temperature, but with various amounts of 
excess air from 10 percent to 80 percent. Parametric point 7 (excess air, 10 
percent) is comparable with the G,E. value. Hestinghouse* s conditions for the 
closed-cycle gas turbine are the sane as G.E.'s except the turbine-inlet 
temperature is 1700® F. Their fraction of heat transferred to the prime cycle 
is slightly higher than G.E.’s. Hestinghouse's conditions for the 
liquid-metal Banlcine topping cycle are the same as G.E.'s except the pressure 
ratio is 15, The fraction of heat transferred to the prime cycle is slightly 
lower. The slight differences are probably the result of different choices 
made in selecting the system configuration. 

5.14.2.2 Furnace Cost 

Each type of energy conversion system puts different requirements on the 
combustor, heat exchanger, and associated equipment. The costs of these 
components ace sensitive to these requirements and taken together make up the 
furnace cost. The requirements thai are most important in determining the 
cost are size and operating temperature. The size is determined by the fuel 
flow and airflow cates, the heat transfer cegairements, the heat transfer 
coefficient, and the average logarithmic mean temperature difference between 
the working fluid and the combustion gases. The temperature of the heat 
transfer materials is also determined from the heat transfer requirements. 
The operating temperatures then dictate the type, and, ultimately, cost, of 
materials. 

Since the heat exchanger is the most expensive component in the atmosphecic 
furnace and its size is determined by the amount of heat that must be 
transferred, the cost of the furnace is presented in terms of the cost per 
kilowatt of thermal energy transferred to the prime cycle. The atmospheric 
furnaces costs are shown in table 5,14-7. The furnace components ace listed, 
along with any additional heat exchangers that make up the furnace loop. This 
loop can be defined as the equipment between the air Inlet and the stack. All 
furnace components are approximately the same cost (table 5. 14-7 (b)), with the 
exception of the heat exchanger, not only for all the systems calculated by 
G.E. , but also for the advanced steam systems proposed by both G.E. and 
Hestinghouse. 

The liquid-metal HHD system furnace costs about twice as much as the advanced 
steam system furnace primarily because the log mean temperature difference is 
smaller and the material is more expensive (table 5.14-7 (a)). The 
closed-cycle gas-turbine furnace is nearly four times as expensive as the 
advanced steam system furnace, mainly because of more expensive materials. 
This is in some measure the result of the higher working fluid temperature of 
1507® F, Finally, the liquid-metal Hankine and supercritical carbon dioxide 
cycles ace about five times as expensive as the advanced steam system. The 
surface area is also about 25 percent larger, but the material cost is much 
greater. The supercritical carboii dioxide heat exchanger is made of Hastelloy 
X and inconel: the liquid-metal Bankine heat exchanger is entirely made of 
Hastelloy X. The working fluid temperature for the supercritical carbon 
dioxide cycle is not as high as for the closed- cycle gas turbine, but the 
difference in working fluid pressure makes it necessarr to use the stronger 
and more expensive material. The more expensive material is used with the 
liquid- metal Bankine system in order to withstand corrosion* 

The costs of the pressurized furnaces are given in table 5.14-8. In table 
5. 14-8 (a) the costs for tbd pressurized fluidized-bed components and 

additional heat exchangers in the furnace loop are shown. The furnace 
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systems are greater than xn the 'tranSerred in the beat 

eiSerbecSes^ tSr ^co^tf of these palti.ular co.ponents depend upon the 
fuel flow rate. 

The h*at-e»ohan<,-t coats calcolat»4 »•': lSoJJ‘’50 

for tha ataosphetto haat cchangars. „I.aJuri>ecaasa of a 

ror.rio:^f“„ tLr.ta\“:“ 

‘ftfriai ^*,§rstritof jranrriaa^t ‘£„rt%‘'r.irn%fpfnSr:= s: 

irasr‘r4r'r;s.a:“:;^h ^ 

teaperature dafference. _“f®*^ia^i,6cause of tha ptessuce of the soEking 

Inconel 601) and ‘J"'* “f sanklne Synten is aboot «.S tlees note 

li^e'k.e’’”;?^;;' “e ‘U.““;rd“UeS"'“s,ster because of the expensite 

eorcosion- resistant uateriale 

The .estinghouse calculations gjriutbjSrcos? if1o‘ 

system cost xs sxmxlar to G.E. -metal Ranline system cost is 50 

percent higher than G.L. s ana tne a 9 ehose Hastelloy X and 

resa.5bru-r iJise%‘;;iiof ;i» r£ BfcLsrii 

lijuld-uetal tanklne systeu. The futnace JJ rtS nd 

tSr'^iSe-inut t'^SpIStut^^Thrs "boSu aty c'onttibute to’a louer cost. 

The closed-cycle g.s-tutbine furnace 
S;r:,"sungh'::serses’*" epen-c^ 

Ollier— iJr:he';..Ergrtu£:ru^^^ 
;:i‘‘!:ii:c%“^esrf.pe';s«^^^^^ 

tend to mate the heat exchanger more tf !Jej.°Sce In cost. 

Phase 1 is insufficient to reconcile this 50 percent difference xn cosi^. 

The cests tot the pr.ssuEixed futnace =«!»"“« ;JSert£ “T 

shoun in table 5..1*-«l|). Mxluu. uotkiug Quid teuperatute in 

and pressure latxos of 8. However, ^ mud M300" F) to the 

the >"“^Joo® F) to t^« il2sed-cycli Jas tirbine IISOO® F) to 

LTsS;e‘tSuiS;’‘i”bJ. “<»i« "•.ter?.! ‘K 

;Shn\«%S“t!s?but !i °"tbe Lpetctilical catbon^^dioxid. case the ..oont 
also Inoteases bscaose of the Increase Is xotking fluid pressure. 

?b!if ?rsrs'rt?arer??.sr.r u!! 

level of detail is insufficient to explain the dxfference. 
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5.14.2.3 Gasifier and Furnaec Perforaance 

The gas cleanup process can be separated fro* the heat transfer process by 
partially burning the coal in the gasifier. The process of gasification 
requires energy addition, as uell as uater and stean. in a free-standing 
plant, this energy cones fron burning the fuel; but in an integrated plant 
^ohe can cone fron heat>recovery heat exchangers in the energy conjersion 
systen in the forn of stean or hot ptessurized air. The po»er to 
gasifier air conpressors can also cone fron the energy conversion systen in an 
Integrated plant. A schenatic of an integrated gasifier is shown in figure 
5.14-2. If the gasifier is integrated with the energy conversion systen, the 
product gas need not be cooled before being sent to the furnace. However, 
before the conbustion gases frcn the furnace can be passed through a turbine, 
the gas nust be cleaned. This could be done nith the gas at a high 
tenperature <e.g., 1600® F), as shown in figure 5. 14-2 (b) . 

The efficiency of a gasifier can be characterized by the aaount of energy in 
the coal that ultimately is found in the produet gas. There ate s®*® losses 
that ate unavoidable; these ate listed in table 5.14-9 for the Hestinghouse 
ease. There is the possibility of oiidizing the calciun sulfide forned in the 
desulfurization of the coal and reducing the losses by 4.2 
lower heating value of coal. This would involve Mhlng the heat that 

is shown being withdrawn fro* the spent sorbent oxidizer in figure 5,14-2 ib). 

If the product gases are cooled, the efficiency of the gasifier depends upon 
how luch of that heat is recovered. If none were recovered, the losses wo ^d 
be about an additional 18 percentage points. However, 

efficiency when the product gas is cooled to 315® F that is only 6 

percentage points lower. The efficiency of the configuration used by 

Hestlnghouse is 0.93, and the efficiency of that used by G.E. is 0.87. 

But, for an integrated systen, the gasifier, furnace, and conyetslon 

should be considered together. Since the energy pon the fuel 

different ways, the most useful neasure of efficiency is the overall enetp 

conversion systen efficiency. This efficiency Ss 

losses, but also upon how the integration is acconpllshed, ® 

is cooled, cleaned, and then reheated (as G.E. doesy, there l>® ^ 

availability of the product gas if its tenperature is lowered. On the other 
hand, if the gas is cleaned at a high tenperature (as Hestlnghouse does), this 
loss in availability is avoided. 

Another factor in the integration is the amount of heat transferred fron the 
krnace to the prime cycle! This affects the systen perptnance because the 
prime cycle Is »ore efficient than the furnace pressurizing cycle. In table 
5.14-IO^the fraction of the heat transferred to the prine cycle 
contractors is shown. General Electric uses about 35 percent in 
Hestlnghouse uses 50 percent in the liquid-netal Rankine systen and around 0 

percent in the closea-cycle gas turbine and advanced steam systens. 

These numbers reflect the integration approach taken by each contractof for 
the closed-cycle systems. General Electric used the 

turbine exhaust to raise steam for the gasifier and to produce power in an 
additional steam turbine, as indicated in figure 5. 14-2 (a), 

Hestlnghouse, on the other hand, tended in most cases to transfer ^•‘i® J®*^.J® 
the prime cycle and then extract steam from the prime-cycle steam bottoming 
cycle for the gasifier. 
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5. 14.2. 4 Gaslfiec and Facnace Costs 

The cost of the gaslfiec based npon the flow rate of coal and the higher 

heating value (in HKt) is shown in table 5,14-11. The G, E. costs are the sane 
for all systeas (ereept for the combined cyclcir where the gasifier pressure is 
351 psi ccnpaied with 185 psi for the others) . The Westinghouse costs are the 
sane for all systems. 

Two colunns are shown for the Westinghouse cases: one gives the material 

costs* the other includes naterial costs plus all direct and indirect labor 
costs involved in the gasifier installation. General Electric provided only 
the total number. The Westinghouse gasifier is a fluidiz ed-bed design with 
sulfur removal in the bed and particulate removal from the hot gas. The 
gasifier used by General Electric is a fixed-bed, Lurgi-type gasifier with 
cold-gas cleanup , The cost agreemeut in the table is quite close, even though 
the designs ate quite different. 

The pressurized furnace loop component costs are given in table 5.14— 12 for 
both contfaCtOrs. The heat-exehanger costs calculated by General Electric 
vary considerably from system to system. The advanced steam systes is the 
lower cost system because of a large logarithmic mean temperature difference 
and a low tube wall temperature. Also the tubes are 1.25 and 1.75 inches in 
outside diameter for this heat exchanger. The next cheapest system is the 
liquid-metal RHC. The logarithmic mean temperature difference is lower and 
the tube size for this and all other systems is near approximately 2.5 inches. 
The liguid-metal Ranhine and closed-cycle gas turbine systems are about 5 
times as costly as the advanced steam system because the logarithmic mean 
temperatnre difference is lower (by about 1/3) but mainly because the naterial 
is Hastelloy X and more expensive. Finally, the supercritical carbon dioxide 
cycle is much mere expensive than the advanced steam system (about 8 times) 
because material costs are higher (Hastelloy X and Ho-Re 2) and more naterial 
is required at the higher pressures, 

Westinghouse • s costs ace comparable to G.E.'s for both the advanced steam and 
liquid-metal Rankine systems. However, their costs are much higher for the 
closed-cycle gas turbine. 








TABLE 5. 14-1. - NUMBER OF PARAMETRIC POINTS CALCULATED FOR EACH ENERGY CONVERSION SYSTEM AND EACH FUEL 


Enei^ ctmvorsion 
system 

Ccaitractor 

Type of fuel 




Total 

for 

EGAS 



Low-Btu gas 

Intermediate- 
Btu gas 

Btu 

gas 

COED 

Solvent-: 

refined 

coal 

Dis- 

tiUate 

Hydi^ 

gen 

Meth- 

anol 




T^pe of coal* 





Bi 1 

i 

B 


a 

a 

(bi 

' 


■ 




Number of parainet 

ric poin 

s 

HB 


■H 

Advanced steam 

Cenecal Electric 
WesUo^uMise 

18 

116 



1 

48 



1 

B 

1 

■ 

■ 

■ 

■ 

■1 

■ 

28 

180 

Closed-cycle gas 
turbine 

Geieial Electric 
Westin^ouse: 
Combined 
Recuperated 

34 

1 

6 

1 

S 

1 

1 

1 

1 

1 

1 

1 

fl 

1 

47 

38 


1 

46 

62 

48 

Liquid-metal RanMne 
topping cycle 

General Electric 
Westingbouse 

12 

35 

B 

fl 

1 

11 

B 

a 

■ 

B 

1 

■ 

■ 


■ 

H 


18 

50 

liiquld«metal MHD 

General Electric 
Westingbouse 

11 

& 

1 

B 

■ 

B 

fl 

■ 

■ 

■ 

■ 

■ 


■ 


flfl 

17 

9 

Supercritical CQ^ 

General Electric 
Westln#ouse 

25 

1 

I 

■ 

B 

fl 

■ 

fl 

1 

2 

1 

■ 

■ 

H 

■ 

32 

Combined cycle 

General Electric: 
Water-cooled turbines 
Air-cooled turbines 
Westin^ouse 

1 

1 

1 

19 

2T 

1 

1 

B 

1 

1 

1 

fl 

1 

■ 

78 

1 

fl 

24 

35 

80 

Open-cycle MHD 

General Electric 
Westinghouse 

21 

26 

B 

B 

■ 

B 

B 

■ 

fl 

1 

5 


■ 

flfl 

■ 


30 

39 

Closed-cycle MOD 

General Electric 
WesUngbouse 

6 

B 

B 

■ 

B 

I 

1 

fl 

1 

■ 

flfl 

12 

■ 


■ 

23 

7 


General Electric 
Westingbouse 

■ 

B 

B 

■ 

B 

fl 

3 

21 

B 

■ 

5 

43 

fli 

■ 

■ 

■ 

3 

18 

68 

Open-cycle gas 
turbine 

General Electric 
Westlngboase 

■ 

B 

B 

■ 

B 

fl 

■ 

fl 

1 

33 

1 

IH 

H 

96 

■ 

■ 

35 

97 




= bltaminotts; SB => subbitumtnous; L = ligiUe. 
^Not applicable. 

































































302 


TABLE 8-14-2. - NUMBER OF PARAMETRIC POINTS CALCULATED FOR EACH ENERGY CONVERSION SYSTEM AND SELECTED 


CHEMICAL- TO THERMAL-ENERGY CONVERSION PROCESS 


Energy conversion 
system 

Contractor 

Furnace 

C 

ombustors 

Gasifier- 
integrated LBTU 
(except as noted) 


Conven- 
tional 
(CD ' 

Atmospheric 
fluidized 
bed (AFB) 

Pressurized 

(PD 

Pressurized 
fluidized 
bed ^PB) 

Coal 

fired 

Clean- or 
semiclean-fuel 
fired 




Number of parametric 

points 



Advanced steam 

General Electric 
Westin^ouse 

4 

S9 

17 

13 

3 

54 

4 

54 



3 

54 

Closed-cycle gas 
turbine 

General Electric 
WestinE^oase: 
Combined 
Recuperated 

1 

35 

10 

49 

39 

1 

3 

8 



3 

1 

1 

Liqutd-metfJl Ranldne 
topping cycle 

General Electric 
Westin^ottse 


10 

5 

13 

1 

37 



•3 

13 

Liquid-metal MHD 

General Electric 
Westinghouse 

9 

12 

4 

1 



3 

Supercritical CC^ 

General Electric 


26 

5 

1 



3 

Combined cycle 

General Electric; 

Water-cooled turbines 
Air-cooled turbines 
Westin^ouse 






24 

35 

80 

21 

29 

1 

Open-^Tcle MHD 

) General Electric 
Westin^ouse 





23 

34 

7 

5 

5 

ClQ/iCd-cycle MHD 

General Electric 
Westinghouse 





8 

15 

7 

6 

Fuel cells 

General Electric 
Westin^ouse 







4 

“2 

Open-cycle gas 
turbine 

General Electric 
: Wcstin^ouse 






35 

97 



“One IBTU gasifier, one LBTU gasifier. 
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TABLE 5.14-3. - PARAMETRIC POINT (CASE) SELECTED FOR FURNACE AND GASIFIER DISCUSSION 


£nerg)r conversion 
system 

Contractor 

Fuitiace 

Gasifier- 

Integrated 


Conventional 

(CF) 

Pressurized 

Fluidized beds 

(PF> 

Atmospheric 

(AFB) 

Pressurized 

(PFB) 


Parametric point (case) 

selected 


Advanced steam 

General Electric 

17 

21 

1 

24 

21 


Westtn^iouse 

23 

7, 16 

24 

7 

7,16 

Closed-cycle 

General Electric 

— 

4, 7 

1 

8 

4 

gas turbine 

Westini^ouse 

— * 

3Q, 29 


22 

30 

Lkluid-metaL Ranklne 

General Electric 

— 

4, 7 

1 

9 

4 

topping cycle 

Westin^oase 


44 


21 


Liquid-metal MHD 

General Electric 

~ 

6, 9 

17 

10 

S 


Westinj^iouBe 

9 


” 



'Siqiercrltlcal CC^ 

General Electric 

— 

6. 9 

11 

5 

6 


Westlnghouse 






Combined cycle 

General Electric 

— 

— 


— 

25 


Westin^ouse 


1 



1 




table 5.14-4. - LOSSES FOR VARIOUS FURNACES AND TYPES OF 
fuel - WESTINGHOUSE RESULTS 


Type of loss 

Furnace 



Conventional 

Pressurized 

Atmospheric 

Pressuriied 


(CF)^ 

(PB)** 

fluidized 

fluidized 




bed (AFB)^ 

bed (PFB)“ 


Am 

ount of loss, percentage of H 

HV 

Incomplete 

0.5 

0 

2.4 

1.5 

combustion 





Radiation 

.1 

0 

.18 

.15 

Solids sensible 

0 

0 

.1 

.1 

heat 





Desulfurization 

0 

0 

2.1 

2.1 

reactions 





Latent heat 

5.14 

7.04 

5.14 

5.14 

(steam) 






®Uses Illinois #6 bituminous coal with HR V of 10 778 Btu/lb. 
^Uses HBTU gas with HHV of 22 674 Btu/lb. 
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TABL15 5.14-5. - FUBNACE EFFICIENCIES 


[Atmospheric pressure furnace with bituminous coal,] 


Energy conversion 
system 

Furnace 

type 

W'estinghouse 

General Electric 

Q b 

Furnace efficiency ' 

Advanced steam 

CF 

0.864(23) 

0.879(17) 


AFB 

.856(24) 

.i,88(l) 

Closed-cycle 

AFB 

(e) 

WKSEES^M 

gas turbine 



■■■ 

Liquid-metal Rankine 

AFB 

(c) 

0.859(1) 

topping cycle 




Liquid-metal MHD 

AFB 

(c) 

0,888(17) 


CF 

0.88(9) 

.888(17) 

Supercritical COg 


(c) 

0.888(11) 


“Furnace efficiency Hegt Input to prim^e cycle \ ^ Q /Wj(HHV). 

\Coal flow rate x Coal HHV/ ^ 

where HHV = 10 778 Btu/lb. 

^Numbers in parentheses denote contractors' parametric points 
(cases) . 

‘^Not applicable. 
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TABLE 5.14^. - FRACTION OF FUEL ENERGY TRANSFERRED 
TO PRIME CYCLE 


[Pressurized furnaces with high-Btu gas and pressurized fluidized 
beds with bituminous coalj higher heating value, HHV, 22 674 
Btu/lb for HBTU and 10 788 Btu/lb for bituminous coal,] 


Energy conversion 

Furnace 

Westinghouse 

General Electric 

system 

type 

Fraction of fu 
ferred to p 

®hex^ 

el energy trans- 
irime cycle, ^ 
Wj(HHV) 

Advanced steam 

PFB 

0.753(7) 

*’0.786(24) 

Closed- cycle 
gas turbine 

PF 

PFB 

0.750(2^ 
. 682(22) 

®0. 713(7) 
. 654(8) 

Liquid-metal Rankine 
topping cycle 

PF 

PFB 

0.597(21) 

0.647(7) 
. 656(9) 

Liquid- metal MHD 

PF 

PFB 


'’0.712(9) 

.653(10) 

Supercritical CO, 

PF 

PFB 



0.646(9) 

.653(5) 


'^Numbers in parentheses denote contractors' parametric points (cases). 


includes feedwater heat. 

includes heat from stack-gas cooler. 


"Qhex 
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TABLE 5.14-7. - ATMOSPHERIC FURNACE CAPITAL COST 


(a) Summitry (ntmospheric-prussurc furnace with bituminous coal) 


Energy conversion 

Furnace 

Westinghouse 

General Electric 

system 

tjTJe 

Cost®= Furnace 

Advanced steam 

CF 

AFB 

21.2(23) 
26. 9(24) 

18.5(17) 

24.4(1) 

Closed-cycle 
gas turbine 

AFB 

— 

60.1(1) 

Liquid-metal Rankine 
topping cycle 

AFB 


84.7(1) 

Liquid-metal MHO 

AFB 

CF 

54. 6(9) 

39.2a7) 

Supercritical CO 2 

AFB 


76.2(11) 


(b) Atmospheric-Quldized-bed component cost 




Energy conversion system 



Advanced steam 

Closed- 

cycle 

gas 

turbine 

Liquid- 

metai 

Rankine 

topping 

cycle 

Liquid- 

metal 

MHO 

Super- 

critical 

dioxide 



Heal Input to prime cycle. 

MWth 



loss 

1765 

819 

2400 

1687 

1330 


Westing- 

General 


General Electric 



house 
(case 24) 

Elective 
(case 1) 

Case 1 

Case 1 

Case 17 

Case 11 



Cost, Furnace cost/tfjjgjj, 

$/kWth 


Furnace components: 
Heat exchanger 

12.0 

12.4 

45.0 

61.3 

26.4 

57.8 

Input solids handling 

4.4 

3.4 

3.5 

3.6 

3.5 

3.5 

Waste solids handling 

1.4 

1.0 

1.0 

1.0 

1.0 

1.0 

Combustion gas tri?atment 

4.0 

3.2 

3.2 

3.4 

3.2 

3.2 

Draft fans 

1.0 

1.5 

1.6 

1.7 

1.6 

1.6 

Miscellaneous 

.6 

1.3 

l.E 

1.9 

1.8 

1.8 

Subtotal 

23.4 

22.8 

56.1 

72.9 

. 37.5 

68.9 

Additional heat exchangers; 
Low-temperature 

3.5 

1.6 

1.6 

1.5 

1.7 

1.6 

air heater 
Hi^- temperature 



2.4 

10.3 

, 

5.7 

air heater 

Total 

26.9 

24.4 

60.1 

84.7 

29.2 

76.2 

Prime-cycle maximum 

1200 

1200 

1300 

1400 

1200 

1200 

temperature, **F 
Prime-cycle pressure, psla 

3500 

3500 

967 

33 

735 

3810 


‘^Numbers in parentheses denote contractors' parametric points (cases). 
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TABLE 5.14-8. - PRESSUiRIZED- FUiRNACE CAPITAL COST 


(a) Pressurized-fluldize<t-bed component cost 





Energy conversion system 




Advanced steam 

Closed-cycle gas 
turbine 

Liquid-metal Rankine 
topping cycle 

Liquid- 

metal 

MHD 

Super- 

critical 

carbon 

dioxide 




Heat input to prime cycle, MWth 




1422 

1492 

662 

819 

1775 

2400 

1186 

1250 


Westing- 

General 

Westing- 

General 
Electric 
(case 8) 

Westing- 
house 
(case 21) 

General 

General Electric 


house 
(case 7)* 

Electric 
(case 24) 

house 
(case 22) 

Electric 
(case 9) 

Case 10 

Case 5 




Cost, Furnace VkWtti 



Furnace components; 
Heat exchanger 

4.5 ' 

7.5 

25.2 

17.2 

15.6 

33.2 

10.7 

25.1 

Input solids handling 

5.2 

7.5 

6.7 

9.0 

11.5 

9.7 

10.0 

8.2 

Waste solids handling 

1.77 

2.9 

2.1 

3.5 

3.6 

3.7 

3.8 

3.2 

Combustion gas treatment 

14.8 

16.9 

15.3 

20.4 

17.4 

21.9 

22.5 

18.8 

Miscellaneous 

3.4 1 

1.5 

2.9 

1.8 

— 

2.0 

2.1 

1.7 

Subtotal 

29.6 

36.3 

52.2 

51.9 

48.1 

70.5 

49.1 

57.0 

Additional heat exchangers: 
Low-temperature air 

3.3 


1.7 



.6 

____ 


heater 

Recuperator 

_ _ _ _ 


10.3 

2.8 



.... 

3.2 

Total 

32.9 

36.3 

64.2 

54.7 

48.1 

71.1 

49.1 

60.2 

Air equivalence ratio 

1.1 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

mm 

Pressure ratio 
Open-cycle turbine-inlet 


10 

10 

10 

15 

10 

10 


1600 

1600 

1700 

1600 

1600 

1600 

1600 

1600 

temperature, ®F 
Prime-cycle maximum 

1000 

1200 

: 1500 

1500 

1400 

1400 

1300 

1350 

temperature, °F 
Prime-cycle pressure, psia 

3500 

3500 

1000 

967 

30 

33 

735 

3810 











<b) Press uvizcd-furnncc total cost 




Energy conveislon system 



Closed-cycle gas 
turbine 

Liquid- 

metal 

Rnnkinc 

topping 

cycle 

Liquid- 

metal 

MHD 

Super- 

critical 

carbon 

dioxide 



Heat input to prime cycle, MWth 



9U4 

819 

2400 

1187 

1154 


Westing- . 

General 

General Electric 


house 
(case 39) 

Electric 
(case 7) 

Case 7 

Case 9 

Case 9 

Total caplUil cost. 

64.3 

31.2 

25.7 

18.9 

80.0 

Furnace cost/Q^gj^, 
$/kWlh 






Air equivalence ratio 

1.15 

1.1 

1.1 

1.1 

1.1 

Pressure ratio 

10 

8 

8 

8 

8 

Open-cycle tuibine-inlet 

1100 

1200 

1750 

1200 

1750 

temperature, “f 






Prime-cycle maximum 

1500 

1500 

1400 

1300 

1600 

temperature, 






Prime-cycle pressure, psia 

1000 

967 

33 

750 

3810 


“cost numbers quoted are for air equivalence ratio of 1.15, and hence are slightly 
different from actual case 7 values. 



TABLE 5. 14-9. - GASIFIER LOSSES - WESTINGHOUSE 


RESULTS 


[Bituminous coal (3 percent moisture; product gas 
temperature, 1600° F.j 


Type of loss 

Amount of loss, 
percent of LHV° 

Desulfurization reactions 

2.6 

Carbon loss (in ash, etc.) 

l.O 

Ash sensible heat 

..3 

Sorbent sensible heat 

1.7 

Radiation 

1.0 

Recycle gas loss 

.3 


^10 230 Btu/lb. 


TABLE 5.14-10. - FRACTION OF COAL INPUT ENERGY 

TRANSFERRED TO PRIME CYCLE 

[Pressurized furnace with low-Btu gas from bituminous 
coal.] 


Energj' conversion 
system 

Westinghouse 


cL b 

Heat input to prime cycle ’ 

Advanced steam 


0. 347(21) 

Closed-cycle 
gas turbine 

0.755(30) 

0. 347 (4) 

Liquid-metal Rankine 
topping cycle 


0.347(4) 

Liquid-metal MHD 


0. 348(6) 

Supercritical COg 

— 

0. 344(6) 


° Furnace efficiency = / Heat input to prime cycle \ 
\Coal flow rate x Coal HHV/ 


= where HHV = 10 788 Btu/lb. 

*^Numbers in parentheses denote contractors' para- 
metric points (cases). 
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TABLE 5.14-11. - INTEGRATED-GASLFIER CAPITAL COST^ 


[Bituminous coal.] 


Energy conversion 
system 

Westinghouse 

General Electric 

Parametric 

point 

Material 

cost, 

$/kWth 

Cost 

including 
direct and 
indirect 
installation 
labor, 
$/kWth 

Parametric 

point 

Cost 

including 
direct and 
indirect 
insts nation 
labor, 
$/kWth 

Advanced steam 

7 

26.4 

48.8 

21 

58.3 


16 

26.4 

48.8 



Closed-cycle 






gas turbine: 






Hecupeiated 

30 

27.8 

51.3 

4 

58.3 

Combined 

40 

27.9 

51.6 



Llqidd-metal Bankine 

44 

27.6 

51.0 

4 

58.3 

topping cycle 






Liquid-metal MHD 

(b) 

— 

— 

6 

58.3 

Supercritical CO2 

(b) 

— 

— -- 

6 

58.3 

Combined cycle 

1 

27.5 

50.8 

25 

43.9 





(Air cooled) 



^Capital cost" Gasifier cost/ (Coal flow rate) (Coal HHV) = Gasifler cost/Wj(HHV). 

where HHV = 10 788 Btu/lb. 

^Not applicable. 
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TABLE 5.14-12. - PRESSURIZED- FURNACE-LOOP COMPONENT COST 
I Energy conversion system 


Advanced steam 


Closed-cycle gas juquid-metal Ranklne 
turbine topping cycle 


Heat iqput to prime Qrcle, MWth 



1353 1329 


Westlnghouae 


Case 7 Case 16 



868 

819 

1418 

1 

2400 

Westing- 
house 
(case 30) 

General 
Electric 
(case 4) 

Westing- 
house 
(case 44) 

Gene ml 
Electric 
(case 4) 


Super- 

critical 

carbon 

dioxide 


General Electric 
(case 6) 


Cost, Furnace cost/Qjjgjj. $/kWth 


Furnace components: 
Heat exchanger 
Auxiliary equipment 
Subtotal 

Hi^r temperature 
heat exchangers 
Total 


Air equivalence ratio 

Pressure ratio 

Open-cycle turbine:- 
inlet temperature, ®F 

Prime-cycle maximum 
temperature, F 

Prime-cycle pressure, 
psia 
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Combustiori EKhaust 



(a) Direct-coal-comHustion atmospheric fluidized bed (bi DIrect-coal-combustion pressurized fluidized bed 

S S Figure 5. 14-L ‘Furnace configuration. 








(a) pressuriied lurnace with Integrated IBTO gasifier - General Electric. 



(h) FluMiaed-bed gasification process With high-temperature sulfur and particulate 
removal - Westinghouse. 


Figure 5. 14-Z -Gasifier configuration. 
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6.C Cej5E^RJ[SCN 01 EORal Ir'OJSiStt^ION SjfSTlMS 

by Itayncnd K. Bucns, Josepii J. Sainigor, Robert. J. .'^tochl, 
and Robert F. nigra 

6,1 CCMPARABtLITY OP TREATMENT 

A priaary objcijtive of EGAS is to assist in develcping a teehnlGal and 
economic data base for a variety of advanced energy conversion systems on a 
common and consistent basis. In Phase emphasis was placed on estimating 
the performance and cost of the 10 conversion systems studied over a wide 
range of parametric conditions and configurations. A number of approaches are 
employed in Phase 1 in an attempt to insure comparability of tcealment of the 
systems studied. Among these were the specification by NASA of common study 
ground rules to be used by both contractors for all systems studied, C^hese 
are discussed in section 4.1,) Another was the use by each contractor of 
common groups to provide estimates of the performance and cost of components 
and subsystems common to more than one system - such as furnaces, heat 
exchangers, and bal ance-of-plant equipment. Further, all systems were studied 
in the same context of a complete utility powerplant with emphasis on 
base-load service. 

A great -leal of attention was placed on achieving comparability of treatment 
in the analyses of the various systems in Phase 1. Overall, comparability of 
treatment of the systems was successfully achieved, and relative comparisons 
Of the systems and selections for Phase 2 study could be made. However, a 
number of factors should be kept in mind when evaluating thn results of Phase 
1. One important factor is that the conversion systems studied vary widely in 
the state of their technology. On the one hand are systems such as steam, 
open-cycle gas turbine, and combined gas turbine/steam turbine cycles for 
which an ex tensive and relatively mature technical and economic data base 
exists. A substantial extension of the technology would be required to reach 
the temperatures and/or other conditions associated with many of «-he 
parametric points studied for these systems. However, the total plant is 
relatively well known and cost intormation Is well documented or within grasp. 
In contrast, the state of the art for systems such as high-tempe ratute fuel 
cells and the MHD systems is not well developed, the total plant not well 
known, and a much less certain basis exists for estimating capital costs of 
components or bala nce-of- plan t equipment. The other systems generally fall 
between these extremes. These considerations give rise to a number of 
additional factors affecting a complete system comparison. 

First, performance and life assumptions will, of necessity, be more 
optimistic, that is, farther from demonstrated current state of the art, for 
systems with less-mature technologies than for the mote mature, well-developed 
technologies. Second, the uncertainties associated with the cost estimates 
will be greater for the less^mature syste.ms than for the mature systems both 
in terms of cost of components and balance-of- pla nt equipment. For those 
concepts selected for further study in Phase 2, these issues will be addressed 
in much greater detail than was possible in Phase 1, where approximately 900 
parametric pcints were studied. 

Tn Phase 2 the uncertainties in cost should be reduced through layout and 
conceptual design of the overall plant and major components. In Phase 2 the 
plant characteristics and the research and development required to bring the 
technology to the assumed levels of performance will be assessed. Also the 
time and resources needed to bring the plants to commercial fruition will be 
estimated. Although these factors are required for a complete evaluation and 
comparison to be made, no attempt is made here to do so. 
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with these points in nindf a copparison of systens is presented in section 
6,2. 3ecause the various systems might be affected by changes In the basic 
ground rules in different ways and to a different extent* the sensitivity of 
the systems to changes in the ground rules is also presented in section 6,2. 

6.2 COMPARISOH OF SYSTfiM RESULTS 

The (renaral Electric and westinghouse results are compated on a 

system*-by-"systen basis in sections' 5,2 to 5,14, In each case the range of 
system parameters and the areas of emphasis considered by each contractor ate 
described. Parametric cases with nearly comparable conditions were chosen in 
section 5.0 sc as to make a detailed comparison of system efficiency and cost 
estimates between General Electric and Bestinghouse results. In this section 
all the system results are presented so as to allow a comparison of systems. 

The ranges of efficiencies and cost of electricity calculated for all 
parametric points for all systems are summarized and compared. The results 
for the parametric cases with maximum efficiency, minimum cost of electricity, 
and minimum capital cost are tabulated for each system. 

In section 6.2.1 the results as calculated by the contractors are examined. 
The effects cn these results of changes in the study economic ground rules arc 
displayed and discussed in section 6.2.2. For selected cases of each system, 
the effects of changing fuel price, fixed-charge cate, capacity factor, and 
interest and escalation rate are shown. Also, the costs of electricity for 
selected points ace recalculated with common end— of— construction dates instead 
of common start-of -const ruction dates as described in seetivon 4,2. The cost 
of electricity is also calculated on the basis of the average over the 
lifetime of the plant, also as described in section 4.2. 

6.2.1 Contractor Re suit s 

6.2. 1.1 Overall Results 

in figures 6.2-1 to 6.2-6 the range of cost of electricity against the range 
of overall energy efficiency is given for all the parametric results for each 
system. In each figure the G.B. results axe given in part (a) and the 
Hestinghouse results in part (b). In section 5.0 the G.E. and Bestinghouse 
results are compared for each individual system. The primary enpbasis of this 
section is to compare the results for different systems. The details of 
comparisons discussed in section 5.0 will not be repeated here. 

In each of figures 6.2-1 to 6.2-5 the results for a small group of systems are 
shown. The advanced steam system results are included in every case for a 
consistent reference. For each system, the results of all parametric points 
were plotted and a polygon was drawn around the points to define the range of 
results. In most cases the results for a system ate described by more than 
one polygon, depending on the power system or conbustion system configuration 
or type of fuel used. Sone conf Igarations or fuels are represented by a 
single point. In sone cases a pacanstcic point with clearly unattractive or 
uninteresting results was not included. 

The size, shape, and location of these polygons are, of course, a function not 
only of the results of the calculations, but of the choice of study ground 
rules or the choice of system parameters. It was expected that the results of 
the two contractors' analyses would differ because of diffecont approaches, 
procedures, assumptions, cost estimates, opinions, etc. These have been 
considered in the individual system discussions in section 5.0. Also 
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described iu section 5.0 was the range of sys^-em parameters considered tn each 
contract, which in some cases varied considerably between the two contractors. 
As a result, the ra tiqe of results would be expected to differ. In many cases, 
the results of the two contractors were meant to complement one another rather 
than to serve as a one-fer-one comparison. 

The effects cn the results ot changes in study ground rules are discussed in 
section 6.2.2 and shown in figures h.2-17 to 6.2-26. The effect o. one 
initial assumption, however, should be brought to attention here. That xs, 
that the overall energy efficiencies of the contractors* results for cases 
Ling coal derived over-the-fence fuels sometimes differed predominantly 
because t|,ey assumed different fuel conversion efficiencies (see ..able 
This is also discussed in section 6.2.2. 

In each of figures 6.2-1 to 6.2-5, ellipses were drawn around the range of 
results for each system. Th® se were then reproduced in figure 6«2-6, where 
the results tor all the power systems are compared. When the results for two 
different configurations or two different fuels were sufficiently close, a 
single ellipse was used. In soma cases when a particular configuration or 
fuel was ef le«=s interest than others considered, no attempt was made to 
include its results within the ellipses. Also more attention was gije" ^ 
reflecting the results accurately on the high-ef ficieney , low-cost side than 
on the less attractive side of the range. Tn this way the comparison of 
results in figure 6.2-6 was somewhat simplified. The grouping of power 
systems in figures 6.2-1 to 6.2-5 war. arbitrary, chosen only to show more 
detail than was possible in figure 6.2-6. 

An obiective of this study is to compare power systems on the basis of Their 
Lficieney in the utiUzaLon of coal. emphasis has therefore been placed on 

the overall energy efficiency, which includes the efrieieney of the conversio 

of coal into a cleaner fuel tor those systems that do not use coal directly. 
The power systems considered in ECAS have wide ranges ot characteristic-s 
concLning fuel requirements. For each type of power system a Tange of fuel 
types has^ been considered, with a eocresponding range of fuel conversion 
efficiencies. In some eases the powerplant efficiency is not substantially 
different fer one clean fuel than tor another, but the overall energy 
efficiency is substantially different because of a difference in fuel 

conversion efficiency. In other cases the powerplant efficiency might be 
increased by the use of a cleaner fuel that would allow an increase in m.aximum 
temperature! In such a case the cleaner fuel probably would have a lower fuel 
conLrsion efficiency. The overall energy efficiency may then increase or 
decrease depending on the relative changes in powerplant and fuel conversion 
efficieneieL Therefore, it is also of interest to display the system results 
on the basis cf powerplant efficiency. 

There are several other reasons for comparing the results in terms of 
powerplant efficiency. One is that, as shown in table ‘r;!* ^ 

Sestinqhouse have, in some cases, used different fuel 

for similar (or the same) fuels. In such cases a comparison of their results 
woLrSe LsleLing without having considered this. The fuel conversion 
efficiencies were assumptions, as we^re the fuel prices. The assumed fuel 
conversion efficiency affects only the overall «*'®Tgy efficiency, and th^ 
assumed fuel price affects only the fuel cost portion of the COE. The 
absolute and relative positions of the polygons or ellipses 

to 6.2-6 are strongly dependent on these initial assumptions. The results of 
the analyses to dLermine the powerplant effaciency and capital «°sts, 
however, were not affected. Also sufficient information has been published so 
that the results of any parametric point could easily be modified to raflec 
different fuel price and/or fuel conversion efficiency values- Tn fact, in 
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some later f injures the sensitivity of certain selected results to some study 
ground rules or assumptions is displayed. 

still further, there may be situations where there are products from the coal 
conversion process, in addition to the powerplant fuel, that may be of value. 
J^such a Lse the overall energy efficiency, which does not include these 
other possible useful byproducts, is not a complete measure of the effi^ency 
of coal utilization. Quantitative consideration of such situations, however, 
was beyond the scope of this study. 

Recognizing these factors, the results shown in figures 6.2-1 to 6.2-6 are 
also shown in terms of powerplant efficiency in figures 6.2-7 to 6.2-12. The 
format used is similar, groups of systems are compared in figures 6.2-7 to 
6.2-11, and all systems are compared in figure 6.2-12. To show mote detaxl 
than is ccssihle in such figures as 6.2-1 to 6.2-12, some of the parametric 
resul»-s were tabulated. The maximum efficiency cases are listed in ^able 
6 2-1 Also included are the powerplant and thermodynamic efficiencies, the 
cost of electricity, and the capital cost. Some of the ma jorparame^ers were 
included to identify the powerplant operating 


powerplant operating conditions. For some systems, 
additional cases were included to represent some of the different plant 

eon t igurat ions or fuels that were analyzed. 

rt should be emphasized that these ate the maximum efficiency points chosen 
from the range of parametric eases considered by each contractor. Since in 
some cases the parametric ranges considered by the two contractors differed, 
the tangos of results obviously also differ- See the individual systems 

sections (section 5.0) for a discussion and comparison ^ 

results. Also in comparing systems on the basis of the results shown in table 
6,2-1, it should oe noted that these points are not intended to represent the 
s (iffl cf t* oc? h no I 05 ^ ^ ^ d vancoittoii t feu 03ch system# 

The results in figures 6.2-1 to 6.2-12 indicate that for some systems the 
maximum efficiency points are not the most attractive ones from 
of cost of electricity (COP). It would be expected that the COP for 

low-capital-cost ivstems would be dominated by the fuel costs so that the 

maximum efficiency' cases would correspond closely to the “ 

For high-capital-cost systems, on the other hand, it might be expected tha . 
anything dene tc reduce capital cost would decrease COF even if a decrease in 
efncieiicy (increased fuel costs) were also involved. For such systems there 
would likely be a correspondence between minimv.m capital cost cases and 

minimum COK cases. In tables 5.2-2 and 6.2-3 the results for the parametric 
casas wit-K minimum COE and minimum capital cost are listed for each sys.em. 
Table 6,2-U is a listing of the parametric cases with maximum overall energy 
efficiency, minimum capital cost, and minimum COE for each system. The case 
numners correspond to those listed in tables 6.2-1 to 6.2-3. As altegdy 
discussed, the case with maximum efficiency is often also the case with 
minimum COE for the lower capital cost systems, such as gas turbines. 

However, for the higher capital cost systems, such as PHD or supercritical 
c-irhon dioxide, the ease with minimum COF usually is also the case wit 
minimum capital cost. 

6. 2. 1.2 Efficiency Breakdown 

'’’he powerplant and thermodynamic efficiencies, as well as the overall energy 
efficiency, ate listed in table 6.2-1. As explained in section U.O, the 

officienev is defined as the prime-cycle electrical output 


is used, the 


thermodynamic efficiency is defined as the prime-eye] 
diviled by the crime-cycle heat input. When a bottoming cycle 

defined to include both the top and bottom cycles. For an 
the heat input is the fuel flew rate times the higher 


prime cycle is 
open-cycle systum 
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heatinq value of the fuel. For elosea-cyele systems, only pact of the tue] 
energy content is transferred to the prime cycle. The remainder is either 
lost or, in the case of pressurized furnace systems, is used to produce power 
in the pressurizing gas turbine. The losses are in terms of latent and 
sensible heat of the stack, gases, losses in cleaning combustion gas, and other 
losses from the furnace associated with such things as heat losses and solids 
removal. This is discussed iu section 5.14. Table 5.14-5 gives the furnace 
efficiencies for several systems with atmcsphnclc furnace loops. The 
atmospheric furnace-loop efficiency, defined as heat input to the prime cycle 
divided by the fuel input energy, varies from about 8b percent to 89 percent, 
When the furnace is pressurized, a smaller fraction the fuel energy is 
transferred to the prime cycle. 

The furnace pressurizing system is actually an open-cycle gas turbine 
operating in parallel to the prime cycle. The powerplar.t efficiency is a 
function of both the prime-cycle efficiency (referred to here as the 
thermodynamic efficiency) ami the furnace-loop efficiency. It is defined as 
the net powerpLant power output divided hy the fuel energy input. The net 
powerplant output is the prime-cycle electrical output plus any net power 
output frem the furnace pressurizing system minus all plant auxiliary power 
requirements. 

The differences between powerplant and overall energy efficiencies shown in 
table 6.2-1 are the result of the type of fuel used and its conversion 
efficiency. The differences are largest for the open-cycle gas-turbine 
systems that use distillate or high-3tu 'jas and the G. E. low-temperature fuel 
cells that use hydrogen and oxygen, comparative ranking of the systems on a 
powerplant efficiency basis indicates that open-cycle MHD, fuel cells, 
closed-cycle MHD, and liguid-metal Rankiiie are the most efficient system.s from 
both eontracters results. 

As previously mentioned, the furnace pressurizing system is actually an 
open-cycle gas turbine operating in parallel with the prime cycle. Generally, 
the prime cycle has higher efficiency than the furnace pressurizing cycle. 
For a given prime cycle, the powerplant efficiency is therefore generally 
highest when the fraction of the power obtained from the prime cycle is 
highest. This power soiit between the prime cycle and the furnace cycle 
depends on how the cycles are integrated. Table 6.2-5 is a comparison of the 
power splits for each contractor for systems that use three types of 
pressurized furnace systems; (1) a pressurized furnace with an integrated 
gasifier, (2) a pressurized furnace burning an over- the-f ence clean fuel, and 
(3) a pressurized fluidized bed. The <-hree sources of power are the furnace 
loop, the primary topping cycle, and the primary bottoming cycle (where 
applicable). Also shown in table 6.2-5 is the ratio of furnace-loop power to 
total power. The similarity in methods of integration results in reasonable 
aqreamcn*- in this ratio betwet n contractors for cempatative systems that use 
either the pressurized furnace burning clean fuel or the pressurized fluidized 
bed. However, there is a large difference in the ratio of furnace power to 
total power fer comparative systems that use a pressurized furnace with an 
integrated gasifier. General Electric's method of integration was in all 
cases to bottom tne open-cycle gas turbine in the furnace loop with a steam 
cycle, which provided additional power and steam for the gasifier. This 
resulted in the high ratio of furnace power to total power, Westinghouse, on 
the other hand, used two methods of integration. Pot the particular 
closed-cycle gas turbine case shown, the open-cycle turbine in the furnace 
loop was net recuperated and the exhaust energy was rejected. In the advanced 
steam and liquid-metal Fankitie systems, for the particular cases shown, the 
exhaust energy from the furnace-loop turbine was used in feedwater heating in 
the steam cycle, thus increasing the relative power of either primary cycle. 
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Tilt* auxiliacy power requirements as a percentage of plant gross power outptrt 
are given fer each system in table 6,2-6. Since auxiliary losses are 
aenerally a strong tunction of the type of furnace and the type of fuel used, 
each of these variations examined by each contraetor has been presented m the 
table. 


For both contractors the auxiliary power requirements are for the following 
items where applicable: cooling tower fans and pumps, material handling and 

treatment systems (e.g., for coal-derived fuels, coal, dolomite, limestone, 
and wastec!) , fans, stack-gas scrubbers and precipitators, and station 
auxiliaries (or housekeeping loads). General Electric assumed 1.0 percent of 
station gross power for housekeeping load for all systems. Westinghouse used 
e.5 percent ot gross power plus 0.6 percent of steam bottoming-e ycle power for 
all systems except open-cycle gas turbine and combined cycles. 

Generally the clean fuel cases have smaller auxiliary power requirements, 
largely because of the elimination of coal preparation, cmI and solid waste 
handling, and stack-gas cleaning. In such cases the auxiliaries are dominated 
by the station housekeeping auxiliaries with the exception of tho^ eases with 
bottoming cycles, where cooling tower auxiliary power requirements are 
Included. Mestinghcuse open-cycle gas-turbine cases show no auxiliaries. For 
these cases, the auxiliaries ace small and might have been included in the 
tht'cmodynamlc efficiency rather than listed separately (although this was not 
intended in the dc'finition of thermodynamic efficiency). 

Of those systems using coal directly, those using fluidized-bed furnaces 
sulfur removal in the bed have the advantage that stack-gas sulfur dioxide 
removal, which is listed as an auxiliary power, is not required. But they 
require more solids handling (sorbent and spent sorbent) and higher fan power 
because of the relatively large pressure drop across the bed. Pressurized 
fluidized beds (PFB) , however, have lower auxiliary power requirements than 
atmospheric fluidized beds (AFB) since the pressurizing turbocompressor 
eliminates the need tor auxiliary fans for bed fluidization. Both G.E. and 
Westinghouse A?E auxiliacy power requirements range from 5 percent to 7 
percent, with one exception. The auxiliaries for the G.E. liquid-metal 
topping cycles are higher mainly because of their^ use of^ large^ boiler 
recircula ticn rates and hence higher liquid- meta 1 boiler recirculation pump 
power (section 5.7). Notice that the auxiliary power percentages in table 
6.2-6 for AFB eases are larger for the less-efficient systems, and the 
variation can almost be accounted for by the variation in system efficiency. 
This would be expected if the auxiliaries were more directly proportional to 
the input coal flow cate than to net system power output. The PFB eases have 
auxiliaries from 2 to 3.6 percent, again with the exception of the 
liquid- metal topping cycle. 

Systems with integrated gasifiers have auxiliary power requirements similar to 
those with direct coal firing since they include similar coal preparation and 
handling systems. All the G.E. integrated gasifier cases, except the gas 
tucbine/steam turbine combined cycle, have low auxiliary power requirements 
because of an apparent omission of the auxiliary power requirements for the 
gasifier. 

The auxiliary power requirements used for the direct-coal-f iced MHD systems 
are- 'shown by table 6,2-6 to be consistent with the other coal-fired power 
systems. The seed processing fuel requirements for open-cycle MHD are not 
included in the auxiliary power requirements listed in the table. 
requirements are discussed in section 5,8. The SRC-fired version of the 
closed-cycle inert-gas MHD system studied by G.E. has higher auxiliary power 
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requirements than other SRC-fired systems listed. This is due to the use of 
Gombustion gas recirculation and the consequent higher fan power reguironients 
in the furnace loop. 

Among the fuel-cell systems, the most noticeable difference is that the 
phosphoric-acid-cell, IIETO-fuel case for G.E. is listed as having a t.n 
percent auxiliary power requirement, while the similar Westinghouse case has a 
2.5 percent auxiliary power requirement. This difference apparently results 
from the use of a carbon dioxide scrubber by G, E, , which Westinghouse did not 
include as a necessary requirement. 

6.2. 1.1 Capital cost Breakdown 

Capital cost is broken down into the cost of power-system major components, 
balanee-of-plant costs, eontingeney, and interest and escalation during 
construction in figure 6.2-13 for the lowest capital cost cases given in table 

6.2- 3. The division shown between major component and balance-of-plant costs 
is as reported by G. E. and Hestinghouse, The balance-of-plant cost includes 
all materials required on the construction si*-e beyond those defined as major 
power-system components, all direct and indirect labor costs, and A and E 
services. The definition of these terms applied to this study and the 
factors used by 6. E. and Hestinghouse to estimate indirect labor, A and F 
services, contingency, and interest and escalation daring construction are 
described in section 5.1. 

The capital cost estimates of G.E. and Westinghouse for each system have been 
compared in sections 5.2 to 5.12, Care should be taken in comparing the 
results in figure 6.2-13 for several reasons. First, the cost breakdowns in 
the figure correspond to the minimum capital cost case of all the parametric 
variations studied by each contractor for each system. Because the two 
studies were not identical, in some cases this minimum capital cost case 
differs between G.E. and Hestinghouse in power-system operating conditions or 
even system configuration or fuel used. (These system conditions arc 
identified in table 6.2-2.) Also the items included in such categories as 
major component costs, balance-of-plant costs, or contingencies are not always 
identical. These problems are dealt with in the comparisons made on a 
system-by-sy stem basis in section 5,0. In section 5.0 comparisons are made 
between the G.E, and Westinghouse results for parametric cases that may be 
more comparable than those shown in figure 6.2-13. 

comparison of the total capital costs between figures 6.2-U(a) and (b) (or 
between tables 6. 2-2{a) and (b)) shows that G.E.’s and West inghouse* s cost 
estimates differed the most for closed-cycle inert-gas, liquid-metal, and 
open-cycle HHD systems and for the liquid- metal topping cycle system. These 
differences ate discussed in sections 5.7 to 5.10, where the sources of the 
differences are identified. 

The high- temperature fuel-cell cases in figure 6.2-13 show a large difference 
between G.E. and Westinghouse results; however, this is because the G.E. 
results include the capital cost of a low-Btu (LETU) gasifier, while the 
Hestinghouse results shown do not. Those Hestinghouse cases that do include a 
gasifier were not included in table 6,2-2 since they were not among the lowest 
capital cost cases. Comparing a Westinghouse case that includes a gasifier 
(solid electrolyte case 19 with JB58/kWe total capital cost) with the G.E. 
case in figure 6,2- 13(a) shows much closer agreement. 

The two closed-cycle gas-turbine organic-bottomed cases included in figure 

6.2- 13 (and table 6.2-2) also show a large difference between G.E. and 
Hestinghouse results. However, this is again a case where the power-system 
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configurations differ considerably. The G, E. case shown is a recuperated 
closed-cycle gas turbine with a 460® Fluorinol-85 bottoning cycle and an AFB 
furnace. The Bestinghonse case is an unrecuperated closed-cycle gas turbine 
in parallel with a 2200® F unrecuperated open-cycle gas turbine and a 950® F 
sulfur dioxide bottoning cycle that recovers waste heat froa both the open- 
and closed-cycle gas turbines. The Hestinghouse case requires a clean fuel 
because of the open-cycle gas-turbine portion. Even for aore coaparable 
system configurations, however, G.E.'s and Hestinghouse* s cost estinates of 
organic-bottoaed systeas do differ. This result is discussed in section 5.12. 

Figure 6.2-13 shows that the recuperated open-cycle gas-turbine, air-cooled 
combined-cycle, and low- temperature fuel-cell systeas have the lowest capital 
costs for both contractors, while the closed-cycle, liquid-aetal, and 
open— cycle HHO systeas have the highest capital costs. In general, the 
relative ranking of all systeas is similar for both contractors. The 
exceptions are the closed-cycle gas turbine with organic bottoaing, which as 
mentioned previously, has different system configurations for each contractor, 
and the liquid-aetal Rankine and open-cycle iIRD systeas, which have siailar 
system configurations but differ significantly in cost estiaates for major 
components and balance of plant. 

6. 2.1. ,4 Cost of Electricity Breakdown 

For the cases listed in table 6,2-3, the breakdown of COE into portions due to 
capital costs, fuel costs, and operating-and-aaintenance (0 and H) costs is 
given in figure 6.2-14. The portion of COE due to capital costs follows 
directly froa the total capital cost estiaate (given in table 6.2-3), the 
specified capacity factor (0.65), and the fixed-charge rate (*8 percent). The 
portion due to fuel costs follows directly from the powerplant efficiency 
(given in table 6.2-3) and the price of the particular fuel used in the plant. 
The fuel prices specified for the study are given in taW e 4.1-2. 

The 0 and B costs are generally a snail part of the total COE. However, the 
results in figure 6.2-14 show a consistent difference between the 6. E. and 
Hestinghouse estiaates. The Hestinghouse results are lower for aost cases. 
In some cases the Hestinghouse results appear inconsistent between systeas, 
showing for example, no o and H costs for the BHD portion of the closed-cycle 
BHD system.. 

As for the figures showing the capital cost breakdown, care should be taken in 
comparing the results in figure 6,2-14 (or table 6.2-3). Since the cases 
included for each system are those that yielded lowest COE, and since G. B. and 
Hestinghouse studied different aatrices of parametric cases, for some systems 
the cases in figure 6.2-14 (and table 6.2-3) are for different system 
parameters, configurations, or fuels. This could not only affect this 
comparison of capital cost and hence the capital cost portion of COB, but 
could also have a significant effect on the COE thcongh fuel cost siaply 
because a different fuel (and hence fuel price) was used. In asking a 
detailed coaparison between the 6. B. and Hestinghouse results for a particular 
system, the discussions in sections 5.2 to 5,12 have chosen aore coaparable 
cases. 

In exaainlng the fuel cost portion of the COE and comparing it for different 
systems, the effect of the fuel price should net be forgotten. A variety of 
fuel types (and hence prices) have been used. For example, consider the 
Hestinghouse results for the closed-cycle gas turbine shonn in figure 
6.2-8(b). Using a distillate fuel allowed consideration of a higher 
temperature open-cycle gas turbine in parallel with the 1500® F heliua 
closed-cycle gas turbine. The range of results for the paraaetric variations 
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using distillate fuel extends to higher powerplant efficieneies than those for 
the paranetric variations using direct coal firing in a PFB. However, this 
did not decrease the fuel cost portion of the COE but increased it because of 
the higher fuel price of distillate as compared with coal, hs a result, most 
of the elosed-~eyele gas-turbine cases included in table 6.2-3 are coal-fired 
cases. 

There is a significant difference in COE between contractors for five 
comparable systems: liguid-netal Ranhine, open- and closed-cycle tlHD, 
liquid-metal MUD, and low- temperature fuel cells. In each ease the difference 
is due to differences resulting from the capital cost that was estimated by 
each contractor. Of the systems common to both contractors, only air-cooled 
combined-cycle systems and advanced steam systems ranked among the lowest COE 
systems for each contractor. 

The sensitivity of COE to the total capital cost is shown in figure 6.2-15 for 
each type of system. The COE was recalculated with arbitrary changes in the 
total capital cost. The paranetric point used for each system was selected 
from those in table 6.2-4, which lists minimum COE, minimum capital cost, and 
maximum efficiency cases. These selected cases are listed in the last column 
of the table. 

Obviously, the systems in which the COE is most dominated by the capital cost 
charges have the greatest slope. Low-eapital-ccst systems, such as open-cycle 
gas turbines, have little slope, with a few exceptions, the lowest capital 
cost systems having the least slope are also at the lower end of the ordinate, 
that is, at the lowest COE values. As a result, only a few systems change 
relative ranking when the capital cost estimates ace arbitrarily changed over 
a wide range. 

The systems that do change relative ranking are those for which the COE is not 
among the lowest yet for which the capital cost is relatively low. Two 
examples are the low-temperature fuel cell and the open-cycle gas turbine with 
organic bottoming. The open-cycle gas turbine with organic bottoming, for 
example, has about the same COE as the closed-cycle gas-turbine system but 
much lower capital cost (as shown in figure 6.2-14 and by its slope in figure 
6.2-15). In spite of its higher powerplant efficiency, however, its fuel 
charges are much higher than those of the closed-cycle gas turbine because it 
requires a cleaner, more expensive fuel. 

Because the low-COE systems shown ace also the low-capital -cost systems and 
hence their CGE's are dominated by fuel cost, an inccease in fuel price would 
raise their COE's relative to those of the higher capital cost systems. For 
higher fuel prices, therefore, the curves in figure 6.2-15 would tend to cross 
at smaller variations in the capital cost estimate. The fuel prices used were 
specified as one of the economic ground rules of the study. The sensitivity 
of the results to changes in these ground rules ate examined in the next 
section. 

It is emphasized that the curves in figure 6.2-15 were calculated merely by 
arbitrarily changing the total capital cost in the mathematical expression for 
cost of electricity. Table 5.1-1 shows that the total capital cost estimates 
were arrived at by applying multipliers or adders to the basic estimates of 
direct materials and labor costs. These multipliers or adders were used to 
account for indirect labor costs, contingencies, A and E services, and 
escalation and interest during construction. If a change were made in the 
total of the major-component cost estimates of, for example, 10 percent and 
the balance- cf- plant materials and labor estimates were not changed, the 
effect on total capital cost would be less than 10 percent. Even so, for seme 
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of the hiqh-eapital-cost systens, a few conponents dbalnate the total plant 
?Lt through both direct wterials and Installation costs. In such cases, 

improvenents in the technology or design sitSatiSS 

could significantly change the conpetiti veness of the systen. Such sxtuations 

have been discussed in sections 5.2 to 5.1h. 

one of the variables estinated by G.B. and Best inghouse that 
capital cost and hence COE is the plant construction tine. 
time affects the total capital cost through the interest and 
charges. In addition, the contingency used by Westinghouse 

of construction tine. The influence of construction tine on COE is shown in 
figure 6.2-16 fer each systen. The parametric points used ate 
listed in the last colunn of table 6.2-4. The higher capital cost systen s 
show note influence for two reasons. First, the higher cost systens have the 
longer construction tines, and a particular percentage change represents a 
longer tine period. And second, the higher cost systens are «®re doninated by 
capital cosL so the interest and escalation multipliers have a greater 
influence cn COE. 

6.2.2 sensitivity to Ground Rules 

The results obtained in EGAS for the various power systens under consideration 
depend on certain common assumptions and ground rules ®*P^°^® . 

make the required calculations. Host of these assumptions affect the economic 
results and the subsequent COE for the power systems studied. 

The contractcrs results have been published in detail sufficient to easily 
allow recalculation of the coE with other economic assumptions ®r ground 
rules. The COE for the selected points listed in table 6.2-4 ^®®" 

recalculated for a variety of economic assumptions. The results ® re presented 
in this section. In few cases is the relative ranking of the P®“®^ 
the basis cf COE changed when varying the specified economic ground rules on 
at a tine over a wide range. 

The COE values were calculated by the contractors as if construction o* each 
type of systen was started in mid- 1974. All capital cost estimates before 
interest and escalation were estimated in mid-1974 dollars. ^•‘® ^"^®“®%?“^ 
escalation during construction were added, based on an f“®**®£®^ °®®^ 

curve. The result is that plants with different construction periods have the 
final capital cost in different-year dollars. In all cases the fuel and O and 
M charges arc in nid-1974 dollars. This procedure is referred to here the 
♦•connon start-of-construction date" approach. The COE values bmye been 

recalculated by several other approaches. These Include the * 

common end-of-eonstruction date, the COB in terms of constant 
(deflated back to mid-1974), and the 

plant. These results are included in the following sections (see also section 
4.2) . 

6.2.2. 1 COE with Connon start-of-Construction Date 

The effect of changes in fuel price is seen in figure 6.2-17 for G.B. and 
Hestinghouse results. For G.E., the low-tenperature fu^-cell, open- cycle gas 
turbine/organie, and open-cycle gas turbine systems ®J°* J**® . 
and thus the greatest sensitivity to changes in bheir 

6.2-17 (a)) because these systems have COE»s that ate dominated by the fuel 
component of COE with relatively little contribution from capital ° « 

conponents. Also, these systens use higher priced fuels 
or hydrogen) so that a percentage change in fuel price is large in $/HBtu. 
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Again £or Hestinghouse the greatest sensitivity t^o fuel price is shown for 
those systens with the higher priced fnels (fig. 6. 2-17 (b)}. These systens 
are the alkaline, phosphoric acid, and nolten carbonate fuel-cell systens and 
the open-cycle gas turbine/organic, closed-cycle gas turbine/organic, and 
open-cycle gas turbine systens. The solid electrolyte fuel cell uses 
interaediate Btu (iBTn) gas at $2/HBtu but does not show as such sensitivity 
to fuel price changes as the other fuel-cell systens because of its high 
powerplant efficiency (0.544). 

In figures 6.2-18 to 6.2-21. the sensitivity of COE to changes in capacity 
factor. Interest rate, escalation rate, and fixed-charge rate, respectively, 
is displayed. The cOE's of the high-capital-cost systens (i.e*. HHD. 
supercritical carbon dioxide, etc.) are very sensitive to changes in these 
econonic ground rules since they affect only the capital portion of COE. 
These systens are characterized by large slopes on these figures. Likewise 
the low-capital-cost powerplants (i.e.. open-cycle gas turbines, fuel cells, 
etc.) are relatively insensitive to the very sane changes in ground rules 
because their capital COE costs are nuch snaller in conparison with their fuel 
COE. These systens display snail slopes for the ground rules varied. 

The capacity factor changes in figure 6.2-18 do not reflect any change in 
systen design. In general a system design and hence cost and perfornanee 
could be drastically affected by the intended capacity factor. A systen 
design for interned iate service could be substantially different than one for 
base-load service, for exanple. For this reason the capacity factor range 
considered in figure 6.2-18 was not extended below 0.5. 

There are few changes in the relative COE rankings of the systens for large 
changes in the econonic ground rules shown in figures 6.2-18 to 6.2-21. Host 
of the crossover points for the various systens occur at the extrene Units of 
the ranges chosen for the different ground rules. In a naiority of the cases 
where a crossover does occur, it affects the relative position of only two 
systens. 

6. 2. 2. 2 COE with Connon Bn d-of- Con struct ion Date 

As a starting point, figure 6.2-22 presents the G.E. and Hestinghouse C0E*s 
and overall efficiencies for selected cases. Figure 6.2-22 was arrived at by 
selecting points situated in the lower right portions of the elliptical 
diagrans in figures 6.2-6. These points represent the best results for each 
of the systens studied (i.e., highest overall efficiency and lowest COE). 
These points (designated by solid circles) . now enclosed in new ellipses, are 
used for the calculations that follow. 

Analysis based on a connon end-of-construction date examines the systens by 
allowing their construction to end in the sane year, in this case 1981. 
Therefore, the open-cycle HHD systen with a 7-year construction tine would 
still begin construction in 1974, but the open-cycle gas turbine with a 2-year 
construction tine would now begin construction in 1979. To nake this 
conparison, the capital costs of the power systens with less than 7-year 
construction tines were escalated to their new start date corresponding to a 
1981 end of construction. The appropriate escalation and interest nultipliers 
were then applied by using a cash flow curve that is sinilar but not identical 
to those used by the contractors. 

The results of MASA*s connon-end-date analysis are shown for the two 
contractors in figure 6.2-23. Conpared with the contractor's results, the 
COE'S increase slightly for all systens with the exception of open-cycle HHD. 
for which COE renains the sane, and closed-cycle HHD for Hestinghouse, for 
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which COE decreases as a result of an 8 -year estiaated tiae of construction 
(cost based on 1973 dollars) . \s shown, the relatiwe positions of systems 

reaain about the saae with the eaeeption of the HHD systeas, which laprove 
relative to the other systems. However, coapaced with the original results, 
there is little change in the relative positions of the systeis to each other. 
irSgi?e 6.“23(a) the COE's for the closed-cycle gas turbine, lig^d-.etal 
Bankine, and open-cycle HHD systeas becoae approxiaately equal. In 
6. 2- 23(b), the aolten carbonate and solid electrolyte fuel cells have 
COE’S than the phosphoric acid and alkaline fuel cells, and the COE s for the 
open-cycle HHD and aLanced steaa systeas are closer to that for the coabined 
cycle, k further change is seen when other assuaptions are eaployed, na«ll 
the use of constant aid- 1974 dollars and the average COE over the plant 

lifetiae. 

6. 2. 2. 3 COE with Constant- Dollar hssuaption 

The use of constant aid- 1974 dollars is advantageous in that it 
powerplant tiae-on-line date froa any cost considerations. If the capital 
cost is expressed in the year that the powerplant 

EGAS), it is necessary to deesealate the capital costs back to aid 1974 at the 
prevailing escalation rate. In constant dollars, then, the 
construction period causes an increase in capital cost only by the interest 
plU in liclsT ot the escalation rate. For a aore aetai^d coapatison of 
constant- dollar costs with current-dollar costs, refer to section 4,2, 

Figure 6,2-24 shows the systea on-line COE’s for G, E. and Hestinghouse, 
relSectirely, using constant aid- 1974 dollars. Hotethat this is equivalent 
?o ?hf Iverage COE over the 30-year lifetiae of each systea, assuaing no 
inflation over that 30-yeat period, such that all COE coaponents ate unchanged 
during the plant life in constant and current dollars. 

will be further explained later in this secUon.) the ___ 

difference in these figures is that the range between the high and COB 

points has decreased froa about 70 aills/kw-hr using 

to 45 aills/kW-ht using constant dollars. Also, the absolute level of all the 
COB’S is lower. The systeas having high capital cost decreased aore in COE 
tlln the liw-c^pita 1-colt systeas. The reason is that these 
have longer construction tines. Thus, in current dollars ^®J 
proportionately larger increase in capital cost due to escalation. In 

constant dollars this increaent does not exist. 

In figure 6,2-24{a), the low-tenperature fuel-cell COB’s are approxiaately 
equal^to those for the liquid-aetal HHD, closed-cycle HHD, 
carbon dioxide systeas. likewise, the 

recuperated and with organic bottoalng, has approxiaately the ®f*® JOB a® 
closed-cycle gas turbine (both recuperated and bottoaed) ' “®JJl 

Bankine, and open-cycle HHD systeas. In figure 6.2-24 (b) the COE s for 

open-cycle gas turbines are equal to the COE’s for the 
turbine, liquid-aetal HHD, and closed-cycle gas turbine/steaa 
Likewise, open-cycle HHD and liquid-aetal Bankine systeas coae very close to 
the advanced steaa and coabined- cycle systeas in lowest COB. 

6.2.2. 4 COE Average Over Plant Lifetiae 

AS stated previously, figure 6.2-24 can represent either the °*;iine 
constant- dollar COE ox eguivalently the average ^OE over the 30-year lifetw 
of the Dowerplant, assuaing no inflation during that lifetiae. The 30 year 
averege^COE is defined as the total bus-bar cost of electricity f« 

30 years divided by the total aaount of power produced during that tiae. When 
constant dollars ate used, the average COE decreases as higher inflation rates 
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are assumed during the plant life. (The fixed charge attributed to the 
capital eompcnent of COB becoaes saallec in an inflationary period because its 
eon Stan t-dollar value decreases.) The fixed-charge rate of 18 percent assueed 
in EGAS and the previous results of this section are also assnned here. 
AgaiSf the reader is referred to section 4.2 for a further discussion of the 
average coE during a powerplant lifetine. 

The average COE»s are shown in figure 6,2-25 for 6.E. and Westinghouse with an 
assumed inflation rate of 3.25 percent over the llfetipe of the plant. In 
both cases the low- temperature fuel cells show the highest average COE, and 
the con bin ed -cycle and advanced steaa systens still show the lowest coE. 
However, the Westinghouse open-cycle 8HD systens have GOE*s about equal to the 
conbined-cycle and advanced steaa systens. Also closed-cycle 8 HO now has a 
COE approxiaately equal to the average COE*s for the nolten carbonate and 
solid electtclyte fuel cells. 

Likewise, figure 6.2-26 shows the average C0E*s for all the systeas assuaing a 

6.5 percent inflation rate during the plant lifetiae. In figure 6.2-26 (a) the 
G.E. low- tea pera tore fuel cells have the highest COE, although coabined cycles 
and advanced steaa still have the lowest COE. For Westinghouse (fig. 
6. 2-26 (b)), open-cycle NHD has a lower average COE than the coabined-cycle 
systen, and the fuel cells also have the highest COE, The total range between 
lowest and highest COB is now about 35 nills/kw-hr, as coapared with the 
previously noted 70 nillsAK-hr for the contractor results using the 
coanon-start-date approach. 

6. 2. 2. 5 Concluding Benarks 

Fuel price, capacity factor, interest and escalation rates, and fixed-charge 
rate were varied one at a tine froa the NA!!A spcscified values. In few cases 
did the ranking of the systens change in terns of coE for a wide range in 
variation of these parameters. 

The COE for selected parametric points was also recalculated for each systen 
by using approaches other than the common- start- date approach. The assumption 
of common end-of-const ruction date produces little change in the results. 
This is because the end date was chosen as 1981, corresponding to a 1974 
construction start for the plant with the longest construction period. Thus 
the COS value tor long-construction-period plants changed very little. For 
plants with short construction periods the capital cost estimates were 
escalated to a new start date corresponding to the 1981 completion date. 
However, the plants with short construction periods generally have low capital 
cost, and GOE is dominated by fuel cost. Hence the change to common 
end-of- construct ion date had little effect for these systems also. 

The use of a constant-dollar assumption in the calculation of COB does have a 
substantial effect on the COE values. However, the relative ranking of the 
systens in terms of COE was not substantially changed. 

If it is assumed that the prevailing inflation rate during a plant lifetine is 
greater than xero, the COE measured in constant nid-1974 dollars decreases 
(the fixed charge attributed to the capital cost decreases). Under such 
eircusstances the iiportance of the fuel and 0 and H costs relative to the 
capital costs is increased. Systens with higher efficiencies, but higher 
capital costs, then appear relatively mote attractive. The cOE values for 
selected points were calculated for such an assumption by assuming 3.25 and 

6.5 percent inflation rates over the 30-year plant life. 
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TABLE 6.2-1. - MAXIMUM EFFIOIENOV POINTS 



(a) General Electric results 



Cost of 
oloctHclty, 
mUIs/kW-hr 

Total 

capital 

cost, 

5/kWc 

System conditions 

3G.6 

847.2 

3BU0 psi/l206® F/l4ao° F; AFB 

33.3 

742 

3500 pb1/1200° F/1200° F; AFB 

23. 7 

190.2 

SRC fuel; 3200° F; pressure ratio, 12; recuperator effective- 
ness, 0.85 

31.2 

169 

Ceramic vanes^ 2600^ F; pressure ratio, 16; recuperator 
effectiveness. 0.85 

33.7 

234.6 

IIBTU gas; 2200^ F; pressure ratio, 12; recuperator effeo 
tiveneas, 0.65 

25.4 

459.6 

LBTU gas; Montana aubbltumlnous coal; 2200^ F; pressure 
ratio, 12 (1250 psi/950° F> 

24,8 

255 

IBTU kbb; 2200° F; pressure ratio, 12 (1250 psi/950° F) 

22.9 

395 

liBTU gas; lUiiWls *6 coal; 2600° F; pressure ratio, 12 
(1450 psl/l000° F) 

23.6 

266.6 

SRC fuel; 2800° F; pressure ratio, 16 (1450 pBl/lO0a° F) 

24.5 

428 

SRC fuel; 2500° F; pressure ratio, 16 (1450 psl/lOQO® F/ 
1000° F) 

33.7 

706 

Intercooled; 1500° F; pressure ratio, -4; recuperator effec- 
tiveness, 0,85 

48.4 

1148.1 

1600° F; pressure ratio, 2.S; recuperator eSeetivenoss, 0.95 

42.1 

993.1 

AFB; Dllnois S 6 coal; 1500° F; pressure ratio, 2.5; reenpera- 
tor eRectivenesQ, 0. 90 

45.0 

1041.3 

1500** F; pressure ratio, 2.5; rect^erator effectiveness, 0.90 

69.0 

IBB9. 9 

AFB; 1350** F; pressure raUo, 3.14 

39.6 

917.4 

PFB (recuperated); 1400° F potassium <3500 psi/l000° F/l0IK>° F)i 

44.0 

1076. 9 

AFB; 1400° Fceslum (3500 psi/95Q° F/950° F) 

41.4 

1048 

3100° F; 16 atmospheres; direct fired 

43.1 

939 

3600° F; 20 atmospheres; SRC fuel 

61.6 

1551 

30t>0° F In; 1800° F out; adliUHitlc MHD generator efficiency, 0.70 

45.6 

1109.9 

3100° Fin; 1755° F out; adiabatic MHD generator cCficItmt^, 0.7Bi 

Ml. 5 

3079 

1500° F; 50 atmospheres 

77.5 

2110 

1300° F; 50 atmospheres 

31.3 

242.5 

SPE; hydrogen/oxygen 

45 

974 

Base case; integrated gasifier plus steam bottoming cycle 

44.4 

978.1 

Montana bituminous coal; HBTU; integrated gasifier and steam 
bottoming cycle 
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TAULK 0.2-X. - Conoludal. 


<b) WoBllngliouse results 


Sj’stem 

Coiilrautor's | 

Overall 

Power- 

Hhermo- 

Cost of 

Total 

System conditions 

cusc 

energ>’ 

plant 

dynamic 

electricity. 

capital 



number 

efficiency. 

effieieney, 

efficiency, 

mllls/k\V-hr 

cost, 




percent 

percent 

percent 


$/kWc 


Advunuctl steuin; 

57 

05 

41 3 

41.3 

.51.6 

41.4 

1002.8 

5U0U psl/l200“ F/1200“ F/1200° F 

AF 

3R. 1 

38.1 

47.0 

20.0 

555.7 

3500 psl/l200® F/1200° F 


38.6 

39.5 

!lft 6 

48.5 

29.0 

1H9.7 

3500 psl/l200° F/1400° F 

AFU 


.39.5 


27.0 

678.8 

Turbine*lnlel temperature, 2500° F; pressure ratio, 10; air 

PF 

2!) 



equivalence ratio, 1.1; 35U0 psi/lOOl) F/lOOO F 


46 

42.0 

42.6 

— 

34.5 

630.5 

Turblne-lnlel temperature, 200U® F; pressure i-atio, 10; air 
equivalence ratio, 1.8; 5060 pBl/l400 F/1400 F 


31 

38.3 

38.3 


22.5 

41B.6 

Turbine-Inlet temperature, 1800° F; pressure ratio, 10; air 

PPB 


588.3 

equlwilcncc ratio, 1.1; 3500psl/l000 l/lOOO 1 
Turblnc-inlot temperature, 1600° F; pressure ratio, 10; air 

40 

42.8 


27.0 





equivalenue ratio, 1.1; 5060 psi/l400 F/1400 F 

Opon-cvcle g(is turbine: 

20 

17.4 

34,5 

34.5 

31.9 

171.5 

Turblne-tnlet leroporature, 2500® F; pressure ratio, 24; 

NonrecuperalctI 

disttUatc 

Roouporstwl 

68 

22.2 

44.0 

44.0 

27.5 

210.4 

Turblne-lnlel temperature, 2500® F; pressure ratio, 10; 



recuperator effectiveness, 0.80; distillate 

Orgimie bottomed 

96 

22.0 

43,7 


34.9 

444.2 

Turblne-lnlel temperature, 2000® F; pressure ratio, 8; 




rocupernlor effectivonos-s, 0.80; distillate, melhylamlne 

Coniblnwi-oycle gas tuAinu 

1 

42.3 

42.3 


24.3 

496.0 

Turbine-inlet toroperaturo, 2200° F; pressure ratio, 12; 


25.9 

234 , 9 

2400 psi/lOOO® K/lOOO® F; bBTU 
Turblne-lnlel lemperaturc, 2000® F; pressure ratio, 12; 


so 

25.0 

49,5 





2400 psl/lUOO® K/lOOO® F; distillate 

Closcd-cyelc gas turbine: 

10 

19.2 

38.0 


45.4 

081.5 

Turblne-lnlel temperature, 1800® F; pressure ratio, 2.5; 

Reuupe rated 




recuperator effectiveness, 0.90; pumpup-turbine-inlet tem- 
pciuturo, 2200° F; pressure ratio, 10; pF; distillate 
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21 

'14.6 

34,6 


34.6 

769.6 

Turbine-inlet temperature, 1500° F; pressure ratio, 2.5; 
recuperator elfectivencss, 0,90; pumpup-turbine-lnlet tem- 
perature, 1700° F; pressure ratio, 5; PFB 

Steam bottomed 

7 

22.5 

44. S 


36.9 

519.0 

TUiblne-bdet temperature, 1800° F; pressure ratio, 2. S; 
pumpup-turbine-lnlet temperature, 2200° F; pressure ratio, 
10; 3500 psl/950° F. 360 psl/l0S0° F 


41 

38.2 

38.2 


31.5 

700.9 

Turbine-inlet temperature, 1500° F; pressure ratio, 2.5; 
pumpup-turbine-lnlet tempemture, 1700° F; pressure ratio, 
10; 3500 psi/900° F, 500 psi/950° F; PFB 

Oripnic bottomed 

48 

21,8 

43.1 


38.4 

544.2 

Turbine-inlet temperature, 1500° F; pressure ratio, 2. 5; 
pumpup-turbine-lnlet tempemture, 2200° F; pressure ratio, 
10; methylamlne turbine-inlet tcnqiBrature, 500° F; 2500 psl 

Liquid-metal Rnnkinc topping 

13 

44.6 

44.6 


27.8 

623.6 

Turbine-lidet temperature, 1400° F; pumpup-tuiblnc-lnlet 
temperature, 1800° F; pressure ratio, 15: feedwater heating; 
PFB; 3500 psi/l000° F 

Oiien-eycle MHD 








1 

14 

53. S 

5.1.5 

— 

32.3 

827.2 

3532° F preheat; inlet pressure, 8 atmospheres; preoxidized coal 


15 

48.6 

49.6 

— 

32.5 

826.1 

2933° F preheat; inlet pressure, 8 atmospheres; preoxtdized coal 

2 

15 

48.8 

48.9 

— 

29.6 

723.3 

2390° F preheat; inlet pressure, 6 atmospheres; as- received coal 


17 

48.7 

48.7 

— 

27.1 

641.7 

2400° F preheat; Inlet pressure, 7 atmospheres; minimum dry coal 

l\ 

5 

63,5 

S3. 5 

— — 

35.7 

856.9 

3180° F preheat; inlet pressure, IS atmospheres; LBTU 

Glnsed-cydo MilD 

1 

45. S 

45.5 

59.3 

69.8 

1972.8 

Turbine-inlet temperature, 2367° F; Illinois #6 coal 


4 

25.2 

50.0 

59.3 

98.6 

1982.8 

Turblnc-inlot temperature, 2367° F; HBTU 

Llciultl-mcUil MIID 

14 

38.9 

38.9 

— 

45.2 

1165.3 

Turbine-inlet temperature, 1500° F; adiabatic MHD generator 
efndency, 0.80 

Fuel eclls: 








Phusphot'lc add 

4 

28.3 

34.6 

— 

44.0 

440.4 

IBTU; electrode thictuiess, 0. 05 cm 


8 

23,9 

35.5 

— 

41.. 1 

448.2 

HBTU; electrode thickness, 0.05 cm 


IS 

24.2 

36.0 

— 

49.4 

439.6 

HBTU; electrode thickness, 0.025 cm 

Aikiillnc 

4 

30.7 

36.0 

— 

58.9 

700.0 

IBTt); elcotrode thickness, 0. 05 cm 


11 

25.6 

38.1 

— 

46.2 

448.2 

HBTU; electrode thickness, 0.05 cm 


16 

25.8 

38.3 

— 

60.6 

620.2 

HBTU; electrode thickness, 0.025 cm 

MoUen earboniito 

4 

45.7 

54.4 

60.1 

43.9 

482.4 

i.BTU; electrode thickness, 0.1cm 

Solid electrolyte 

1 

46. 9 

69.7 

76.2 

42.1 

424.4 

HBTU; electrode thickness, ^ 004 cm 


4 

50.6 

00.2 

— 

10,2 

466.4 

IBTU; electrode thickness, 0. 004 cm; steam bottoming cycle 


18 

53.0 

53.0 

— 

47.7 

948.3 

IBTU; electrode IhicknesB, 0.002 cm; integrated gasifier 
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table 6 


System 


Contraclor'i 

case 

number 


I Advanetd steam 

[ Open-cyele gas tuiblnc: 
Heeupe rated 

Organic bottomed 


1 Combined-cycle gas tarbine: 
Air cooled 

Water cooled 

I Closed-cycle gas taitrine; 
Ilccupc rated 


Organic bottomed 

Steam bottomed 

I Supcrceltical CC^ 

Liquid-metal RanMne topping | 

Opfci" cycle MHD 
Closed-cycle MHtt 

I Llquld-metal MHD 
Low-temperature fuel cells 
I lligh-tempemture fuel cells 


11 


40 


46 


12 


Overall 
energy 
I eHtelency, 
percent 


36.5 


31.5 


3.5.3 


30.8 


35.3 


39.6 


52.8 


2-2. - MINIMUM CAPITAL COST POINTS 
(a) General Electric re.^ults 


Power- 

plant 

efficiency, 

percent 


Thermo- 

dynamic 

efficiency, 

percent 


36.5 


31.5 


35.3 


30.8 


35.3 


39.6 


53.9 


46.0 

46.0 


44.0 


.16.4 


42.6 


37.6 


47.7 


51.4 


57.7 


43,8 


Cost of 
electricity, 
mffls/kW-hr 


Total 

capital 

cost, 

?/kWe 


System conditions 


29.8 


33.6 


37.8 


37.0 


49.6 


39.6 


41.4 


610.1 3500 pBi/l000“ F; AFB; Mlnols #6 

148.3 Turbine-Inlet temperature, 2200“ F; pressure ratio, 12; 

recuperator effectiveness, 0.80; HBTU 
334. 9 Turbine-inlet teropemlure, 2200® F; pressure ratio, 12; 

recigierator effectiveness, 0.85, HBTU; FL-85; wet 
cooling tower 

225.8 Tuiblne-inlet temperature, 2200® F; pressure ratio, 12, 1250 psl/ 
950® F; HBTU 

266.6 Tutblne-lnlet temperature, 2800® F; pressure ratjo, 16; 1450 psl/ 
1000® F; SRC 

668 0 1 Turbine-inlet temperature, 1500® F; pressure ratio, 2.5; 

recuperator effecUveness, 0.85; Montana aubbiturainous coal; 

LBTU; PF -os 

862 7 I TurtJinc-inlct temperature. 1500 F; pressure ratiOi 2. ; 

recuperator rffectivcness, 0. 60; minris #6 coal; AFB, PL-85 
I 460° F organic cycle 

Bij..*! j Tutblne-lnlet temperature, 1500° F; pressure ratio, 2.5; 
recuperator effectiveness, 0; tUlncls #6 coal; AFB 

1218.0 1 Tutblne-lnlet temperature, 1350® P; pressure ratio, 2.7; PF; 
LBTU 

917.4 1 Tutblne-lnlet temperature, 1400® P; 3500 psl/lOOO® F/lOOO® F; 
nibiols #6 coal; PFB 

1048.0 3100° F; 16 atmospheres; direct fired 

1310.0 3000° Fin; 1800° Fout; adiabatic MHD generator efficiency, 0.80 
11, 09. 9 3100° Fin; 1755° Fout; adiabatic MHD generator efficiency. 0.78 

1300® F; SO atmospheres 

SPB; hydrogen/oxygeii 

nibiolB«6; LBTU; Integrated gasifier plus steam bottoming 
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TABLE 6>2-2. - Codcibded. 


(b> WeBtiD^ouse results 


Systom 

Contractor’s 

case 

number 

Overall 

enorg>- 

efficiency. 

percent 

Power- 

plant 

cfnciency, 

percent 

Thermo- 

dynamic 

crDclcncy, 

percent 

Cost of 
electricity, 
mills/kW-hr 

Total 

capital 

cost, 

$/kWe 

System conditions 










69 



44.0 

23.2 

443.5 

2401) psl/l0U0“ F/llKJO'’ F 

AFB 

91 



48.5 

2S.U 

619-7 

3S00 psi/l200° F/140U’’ F 

PF 

•J9 

37.6 

37.6 

— 

25.6 

539.3 

3500 pal/lOOO® F/10Q0“ F; turtiiiie-lnlot lemparalurc. 2000° Fi 
pressure ratio, 10; siibbltuminous coal 

PFU 

49 

39. 0 

39.0 

— 

21.1 

404.9 

3600 psi/lOOD® f/ 1000° F; lutblne-inlet lempemture, 1600® F; 
pressure ratio, lO; sUbfaUumlnous coat 

Open-cycle tuitiinc: 

Nonrceupenttcil 

2(i 

17.4 

34.5 

34.5 

31. D 

171.5 

TUrblni'-iiilel temperature, 2500® K; pressure ratio, 24; distillate 

Hceupemtctl 

1 

19.1 

37-6 

37.8 

30.6 

201.2 

TUrblni -inlet temperature, 2200° F; pressure ratio, 10; re- 
cuperator effectiveness, O.eO; distillate 

Organic bottonied 

96 

22,0 

43.7 

— 

34.9 

444.2 

TUrbine-lnlel tomporature, 2000° F; presaure ratio, 8i re- 
Gtipemtor effectiveneSH, 0.80; distillate; mcthylaminc 

Combined-cycle gas tuHnine: 
Non rL> eupe rated 

5(1 

24.9 

49.5 

— 

25. B 

234.9 

TtuAlno-lnlBl temperature, 2fl00° F: prissure ratio, 12; 2400 psi/ 
1000° F/100t)° F; distillate 

neeupenitoil 

27 

32.9 

.12.9 


30.3 

650. 6 

Turbine-inlel temperature, ISUO® F; pressure ratio. 2.5; re- 
cuperator effectiveness, 0.9; pumpup-turblne-lnlet temperature, 
MOO® F; pressure ratio, 10; PiU; subbiluminous coal 

Closc<l-cvclc gtiH turbine: 








Steam bottomed 

42 

37.1 

37.1 


30.3 

683.1 

Turbine-inlet lemporoture, 1500° F; pressure ratio, 2.5: pumpup- 
turbbie-Lnlct temperature, 1700° K; pressure ratio, 10; 2500 psi/ 
000° F; 500 psi/950° F 

Organic bottomed 

52 

21.4 

42.5 


33.1 

431.3 

TUtblno-inlot tempo.utiire, 1500° F;ipressure ratio, 2,5; pumpup- 
tarblne-lnlct temperature, 2200° F; presaure ratio, 10; 1800 psi/ 
950° F; distillate 

Liqutd-metal Ronkine topping 

1.1 

44.6 

44.6 

— 

27.8 

623.6 

Tutbine-lnlettemperature, 1400° F, puDipap-l“rblBe-liiletteroperature| 
ia00°Ftpressura ratio, 15;feediraterbeatlii8; PFB; 3BOOpsl/100O F! 

Open-cycle MUD: 
1 
0 

12 

46. 0 

4B.U 


27.2 

648.7 

2931® F preheat; Ihiet pressure. 12 atmospheres; preoxidized coal 

10 

47.2 

47.2 


27.0 

037.2 

2402® F preheat; inlet pressure. 6 atmospheres; minimum-dry coal 

n 


51.5 

51.5 

— 

33.9 

787.6 

3190® F preheat; Inlet pressure, 10 atmospheres; LBItU 

CloBC<i-cycle MIID 

n 


50.0 

59. 3 

71.1 

1686.6 

Inlet temperature to MIID generator, 3800® F; HBTU gas 

Lfquld-metal MHD 

H 


36.0 

— 

33.9 

790,2 

Inlet temperature to MIID, 1200° F; adiabatic MHD generalor effi- 
clency. 0.75 

Fuel cells: 








Phosphoric aoii! 



35.5 

— 

42.2 

339.3 

HBTU; electrode thickness, 0.05 cm 

Alkalini! 



38.1 

— 

46.2 

448.2 

HBTU; electrode thickness, 0.05 cm 




54.4 

fiO. 1 

43,9 

482.4 

IBirll; electrode tfaidtneas, 0. 10 cm; steam bottoming 

Solid electrolyte 



56.7 

62.6 

37.3 

339.5 

HBTU; electrode thickness, 0.003 cm 
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TAHLE C0S*J’ GF ELECTIUCITY POINTS 


(u) Gcnt‘ral Elciolnlc results 


SysU*m 

Contractor'H 

case 

number 

Ovenill 

unurKV 

effiefeney, 

percent 

Power- 

plant 

uffieiency, 

percent 

Tbermtv 

dynamic 

ufficicnev, 

percent 

Cost of 
cleelriclty, 
mllls/kW-hr 

Toml 

capital 

cost, 

S/kWe 

System condUlon.s 

Adviinced alvum 

n 

30.5 

36.5 

44.0 

29.8 

BlU.l 

.151)0 pal/lOOO® F/lOau” K; AFB, lllinais rO 

Open-cycle pis turbine: 








Reeupcnitud 

10 

28.2 

36.1 

36.6 

25.7 

190.2 

Turbine-inlet temperature, 2200° F; prc.Ksure ratio, 12; re- 
cuperator effectiveness, 0.85; Sne 

Orpinic bottomed 

:iii 

21-7 

43.1 

44.3 

.11,7 

334.9 

Turbine-inlet temperature, 2200° F; pressure ratio, 12; re- 
cuperator effectiveness, 0.85; EIBTU; FL-B5; Wet cooling tower 

Combined-cycle jias lutiiine: 








Air coohii 

:i5 

30.7 

36.7 

1 — 

22.9 

39.5. 1 

Turi>inc-inlct temperature, 2600° F; pressure ratio, 12; 1450 psi/ 
1000° P; LBTU; Hllnols #6 coal 

Wnter eoolwl 

5 

3«.7 

47.0 

4B.5 

21.6 

266.6 

Turbine-inlet temperature, 2800° F; pressure ratio, 16; 1450 psi/ 
1000° F; SHC 

Closed-cycle pis turbine: 








Recti penited 

<i 

Sl.S 

31. S 

36.4 

33.6 

608.0 

Turbine- inlet temperature, 1500° F; pressure ratio, 2.5; re- 
cuperator e0ectivencss, 0.85; LBTIJ; Montana subbituminous 
coal ; P F 


2tl 

31.0 

.31.6 

38.3 

33.7 

706.0 

Turbine-inlet temperature, 1500° F; pressure ratio, 4; re- 

ouperator effectiveness, 0.85; intercoolcd; Illinois (^6 exml; A FB 

Orpinlc bottomed 

40 

35,3 

35.3 

42.6 

37.8 

862.7 

Turbtnc-inict temperature, 1600° F; pressure ratio, 2.5; re- 
cuperator effectiveness, 0.60; lUlnoiS #6 coal; AFB 


41 

37.8 

37-8 

45.7 

42.1 

993.1 

Turbine- inlet temperature, 1500° P; pressure ratio, 2,5; re- 
cuperator effectiveness, 0.90; Illinois #6 coal; AFB 

Steiim bottomed 

•ir> 

3U.8 

30.8 

37.6 

37-0 

811.5 

Turbine-inlet temperature, 1500° F; pressure ratio, 2.5; re- 
ciqicrator effectiveness, 0 

SupererHlc:il CO,, 

5 

39.2 

39.2 

47.7 

56.9 

ISOl.O 

TurbinE^-lnlct temperature, 1350° F; pressure ratio, 2.7; Illinois #6 
coal; P'YB 


7 

35.3 

35.3 

47.7 

49.6 

1218.0 

Turbine-Inlet temperature, 1350° F; pressure ratio, 2.7; LBTU; PF 

LUpiid-mctnl Rankinc topping; 

9 

39.6 

39. 6 

51.4 

39.6 

917.4 

Turbtne-lnlct lemiicratun:, 1400® F; 1500 psi/1000“ F/IOOO® Fj 
Htlnols H6 coal; PFB 

Open-cycle MHD 

12 

52.8 

53.9 

57.7 

41.4 

1048.0 

3100° F; 16 atmospheres; direct fired 

Closed-cycle MHD 

13 

35.9 

46.0 

53,6 

58.0 

1110,01 

3000° Fin; 1800° F out; adiabatic MHD generator efficiency, O.BO 


102 

46.0 

46.0 

55.9 

45.6 

1109. 91 

3100° F in; 1755° F out; adiabatic MHD generator efflcleaicy, 0.78 

Liquid metal MUD 

6 

33.6 

3.3.6 

43,8 

5B.S 

1460.9 

1300° F; 50 atmospheres; PF 


10 

36.4 

.16.4 

44,0 

70,0 

1850.01 

1300° F; 50 atmospheres; PFB 

Low-tempemture fuel celts 

s 

31.1 

51.1 

— 

31.3 

242.5 

SPE; hydrogen/oxygen 

High-temperature fuel cells 

1 

31.5 

31.5 

— 

45,0 

947,0! 

Base case; Integrated gaalfter plus steam bottotnlng cycle 


4 

27.9 

27.9 

— 

42.3 

< 861.6^ 

Illinois #6 coal; LBTU 
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table 6.2-S. - Concluded, 


(h) Westlngliouse results 


System H 

Contractor's 

case 

number 

Overall 

energy 

efficiency, i 
percent 

Power- 

plant 

dftclency, 

percent 

Thermo- 
dynamic 
efficiency , 
percent 

Cost of 
electricity , 
raills/kW-hr 

Total 

capital 

cost, 

5/kWe 

idvonced steam: 
AF 

AFB 

65 

69 

31 

26 

38.x 

35.1 

38.6 

39.5 

38.1 

35.1 
38.6 
39.5 

47.6 

44.0 

48.5 

26.0 

23.2 

29.0 

27.0 

655.7 
443.5 

619.7 

578.8 

PF 







40 

37.6 

37.6 

— 

25.6 

539.3 


31 

38.3 

38.3 



22.5 

418.6 

PFB 







49 

39.0 

39.0 

— 

21.1 

404.9 

Open-cycle gas tuibine: 

Nonrecupe rated 

Recuperated 

26 

88 

17.4 

22.2 

34.5 

44.0 

34.5 

44.0 

31.9 

27.5 

171.5 

210.4 

Organic bottomed 

96 

22.0 

43.7 

— 

34.9 

444.2 

Combined-cycle gas turbine 

1 

42.3 

42.3 

— 

24.3 

496.6 

Closed-cycle gas tuihlne: 
Recuperated 

21 

34,6 

34.6 


34.6 

769.6 


System conditions 


,3500 psi/l00B° F/ 1000° F 

2400 pai/l000° P/1000° F 

13500 P8l/l200° F/1400° F 

oenfv^ rkrP^flurC r&tlO lOv 3500 pSl/ 

Turbine-inlet temperature, 2500 F, pressure ratio. 

1000° F/ 1000° F 

Turbine-Inlet temperature, 2000° P; pressure ratio, 10; 3500 psi/ 

TuTife-'^tlU-e, 1300° F; pressure raUo. 10; 5500 psi/ 

TuClrtCerature, 1500° F; pressure ratio. 10; 5500 psi/ 
1000° f/iooo° f 

|: 

Turtolne-inlet temperature. 2500° F; pressure ratio, 24; dl.nillate 

Turbine-inlet temperature, 2500° F; pressure ratio, 10; re- 
cuperator effectiveness, 0. 80; distillate 

Turbine-inlet temperature, 2000° F; pressure ratio, 8; re- 
cuperator effectiveness, 0.80; distillate, methylamine 

Turelne-inlet temperature. 2200° F; pressure ratio. 12; 2400 psi/ 
1000° F/1U00° F; LBTO 

Turbine-inlet temperature. 1500° F; pressure ratio, 2.5; re- 

cupe rator effectiveness , 0. 90; purapup-turbtao-inlet temperature. 
1700° F; pressure ratio, 5; PPB 



27 


32.9 


32.9 


w 

w 


steam bottomocl 


Oryimie totlomed 


I.lqutd-nietal Rjinklne lopping 


Opcn-eyele MUD: 
1 


3 

Cloaml-evole MHD 
Liijulil~metal MUD 

Fuel eells; 

Pliofiphorie iiuid 
Alkaline 

Molten uurbonntc 
Solid eleetrolyle 


41 

38.2 

38.2 

42 

37.1 

37.1 

52 

21.4 

42. 5 

13 

44.6 

44.6 

12 

48.0 

48.0 


47.2 

47.2 


48.7 

48.7 


51.5 

51.5 


53,5 

53.5 

6 

42.2 

42.2 

12 

36.0 

.16.0 

8 

23.9 

35.5 

11 

25,6 

.18.1 

8 

32.9 

48.8 

8 

35.0 

41.6 


30.3 850. 6 Turbine-inlet temperature, l'SOO“ F; pressure ratio, 2 5; re- 

cuperator effectiveness, 0. 90; pumpup-turblne-inlet temperature, 
1100° F; pressure ratio, 10; PFB; subbltumlnous coal 

31. S 700.9 Turhine-lnlet lemperahtrc, 1500° F; pressure ratio, 2.5; pumpup- 

turblne-inlet temperature, 1700° P; pressure ratio, 10; 3SOO psl/ 
900° F; 500 psl/900° F; PFB 

30.3 683.1 Turbine-inlet temperature, 1500° F; pressure ratio, 2.5; pumpup- 

turblne-inlet temperature, 1700° F; pressure ratio, 10; 3600 psl/ 
900° F; 500 psl/900° F; PFB 

35.1 431. .3 Tuiblne-lnlet temperature, 1500° F; pressure ratio, 2.5; pumpup- 

turblne-inlet temperature, 2200° F; pressure ratio, 10; 1800 psl/ 
950° F; distillate 

27.8 623.6 'Turblnc-lnlet temperature, 1400° F; pumpup-turblne-inlet temper- 

ature, 1800° F; pressure ratio, 15; feedwater beatiuK; 3500 psl/ 
1000° F; PFB 

27.2 648.7 2931° Fpreheat; inlet pressure, 12 atmospheres; preoxidlaed coal 

27.0 037.2 2402° Fpreheat; inlet pressure, 6 atmospheres; minimum-dry coal 

27.1 641.7 2400° F preheat; inlet pressure, 7 atmospheres; mlnimum-dry coal 

33.9 787.6 3190° F preheat; Inlet pressure, 10 atmospheres; LBTU 

35.7 856,9 3180° F preheat; Inlet pressure, 15 atmospheres; LiBTU 

68.5 1912.5 llnlet temperature to MHD generator, 3100° F; Illinois 86 coal 

33.9 790,2 Inlet temperature to MHD generator, 1200° F; adiabatic MHD 

generator efficiency, 0.75 

41.5 448.2 IHBTU; electrode thickness, 0,05 cm; 100 000 hr 

46.2 448.2 IHBTU; electrode thickness, 0.05 cm; 10 000 hr 

37.9 514.4 HBTU; 100 000 hr 

35.0 480.7 IBTU; 100 000 hr 








TABLE 6.2-4. - PARAMETRIC CASE NUMBERS FROM TABLES 6.2-1 TO 6.2-3 


System 

Contractor 

Maximum 

overall 

efBciency 

Minimum 
cost of 
electricity 

Minimum 
cost in 
5/kWe 





Contractor's case number® 


Advanced steam: 







AFB 

Geuera) Electric 1 

1. 14 


U 

14 

AF 

AFB 

PF 

PFB 

Westing 

ouse 

65 

31 

25, « 
31, ^ 

65, M 
31 

25, « 
31, 49 

M 

31 

49 

49 

31 

Open- cycle gas turbine; 






19 

Simple 

General Electric 

10, 19 

10 

22 


Westinghouse 

26 

M 


““ 

Recuperated 

Westinghouse 

88 

88 

1 

88 

Organic bottomed 

General Electric 

M 

36 

36 

36 


Westinghouse 

M 

9G 

55 

96 

Combined-cycle gas turbine; 






55 

AIt cooled 

General Electric 

4, 5, 35 


8 


Westinghouse 

1 , 50 

1 

68 

1 

Water cooled 

General Electric 

5. 14 

5 

5 

14 

Closed-cycle gas turbine: 






20 

Recuperated 

General Electric 

20, 23 

e. 20 

6 


Westinghouse 

10, 21 

21, ^ 

SL 


Steam bottomed 

General Electric 

45 

46 

M 

— 


Westinghouse 

7, 41 

41, 42 

42 

41 

Organic bottomed 

General Electric 

41 

4fi, 41 

40 

41 


Westin^ouse 

48 

52 

52 

48 

Supercritical COg 

General Electric 

14 

5. 7 

1 

14 

Liquid-metal Rankine topping 

General Electric 

9. 17 

9 

5 

9 


Westinghouse 

13 

13 

13 

.13 

Open-cycle MHD: 

General Electric 

il, 26 

12 

12 

1 

1 

Westinghouse 

14, 15 

12 

12 

12 

2 

Westin^ousc 

15, 17 

10. 17 

10 

17 

S 

Westin^ouse 

5 

4,5 

4 


Closed-cycle MUD 

General Electric 

101. 102 

13, 162 

13, jl62 

101 


Westinghouse 

1,4 

6 

4 

1 

Liquid-metal MHD 

General Electric 

12. 101 

6, 10 

6 

6 

Westinghouse 

14 

12 

12 

li 

Fuel cells: 







Low temperature 

General Electric 

8 

8 

8. 


High temperature 

General Electric 

1- 2 

1. 1 

£ 


Phosphoric acid 
Alkaline 

Molten carbonate 
Solid electrolyte 

Westinghouse 

1 

4. 8, 15 
4, 11, IB 
4 

1, 4. 18 

8 

8 

S 

U 

11 

4 

20 

8 

n_ 

8 

4 


‘^Underlined cases arc those with extreme value of denoted output parameter. 
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TABLE 6. 2-^5. 


COMPARISON OF POWER SPLITS FOR'SYSTEMS AND CONTRACTORS 



System 

Contractor 

Integrated^gasiiler pressurized furnace 

— 

Pressurized furnace wlih clean fuel 


Pressurized fluidized bed 




with low-Blu gas 
















Case 

Power, MW 

Ratio of 

Case 

Power, MW 

Ratio of 
furnace 
power 
to total 
power 

Case 

1 

>ower, ^ 

IW 

Ratio of 




Furnace 

Prlmazy 

'topping 

cycle 

Primary 

bottoming 

cycle 

furnace 
power 
to total 
power 


Furnace 

Pritnary: 

topping 

cycle 

Pritmny 

bottoming 

cycle 


Furnace 

Primar}' 

topping 

cycle 

Primaiy 

bottomingi 

cycle 

power 
to total 
power 

CloHcd-i’j'clo Kas turbinB 

General Electric 
WeaUn^ouae 

4 

30 

441.0 

3S.3 

300 

331.9 

6 


0.595 

.095 

7 

29 

41.1 

46.0 

300 
345. 5 

0 

0 

0.120 

.117 

8 

22 

110.7 

84.0 

300 

253.2 

t 

; 

0.270 

.249 

Supercritical CO,, 

General Electric 

6 

073,0 

600 



.529 

9 

168.6 

600 

0 

.219 

5 

169 0 

^ 600 



.220 








.541 

.140 






24 

177,0 

600 



.22B 

Aclvuneetl iiteani 

General Electric 

21 

044.0 

BOO 








7 

114.3 

017.1 



.156 


Wcstlnghousc 

7 

95.4 

586.7 













l.iqulil-mct«l Hankine lopping 

General ElectiiC 

4 

1293 

296.4 

Ml. 9 

.510 

.1-72 

7 

351.0 

298.4 

941.9 

.221 

9 

21 

324.5 

229,7 

29B.4 

200.7 

941.9 

769,5 

.207 
.191 : 

WestlnKhousc 

44 

155,2 

129.2 

615.6 











Closcd-oyt'l*» llquid-hielitl 
MIID 

Cicnertil Elerlvu 

J 

639.1 

536.2 


3 

.544 

9 

59.5 

536.2 

0 

.100 

10 

160.4 

536.2 

0 

.230 



TABLE 6.2-6, - AUXILIAnV POWER REQUIREMENTS 


(a) Conoral Electric results (b) WesUnRhouse result-s 


System 

Auxiliary 

Contractor 


System 

Auxiliary 

Contractor 


power. 

case 



power. 

case 


perccnbige 

number 



percentage 

number 


of gross 




of gross 



power 




power 


Afivanced steam: 




Advanced steam: 



AFB 

6.4 

1 


PFB 

3.0 

1 

CF 

4.2 

17 


CF (atmospheric) 

7.2 

I 

PF (LBTU gnaifler) 

1.1 

21 


AFB 

6.9 

6 

PFB 


24 


PF (LBTU gasifier) 

2.9 

1 

Opcn-cyclc gns turbine: 




open-cycle gas turiilne: 



Simple 

1.1 

1 


Simple 

0 

2 

Recuperated 

1.2 

6 


Recuperated 

0 

i 

Organic bottomed 

2.7 

30 


Organic bottomed 

1.4 

95 

Combined cycle • air cooled: 




Combined cyelo; 



COED fuel 

3.0 

10 


Distillate fuel 

1.3 

42 

SRC fuel 

3.0 

9 


LBTU gasifier 

4.8 

1 

LBTU gasifier 

3.4 

1 


Closed-cycle gas tuiblno: 



Combined cycle - water cooled: 




Atmospheric furnace 

1.3 

48 

COED fuel 

2.0 

C 


(dfsUllatc) 



SRC fuel 

3.0 

5 


PF (distillate) 

1.2 


LBTU gasifier 

3.6 

1 


PFB 

2.1 

21 





PF (HBTU) 

1.2 

29 

Closef^cycle gas turbine: 




PF (LBTU gasifiert 

6.0 

30 

AFB 

7.6 

1 


Steam bottomed - PF 

1.8 


PP <LBTU gasifier) 

.7 

4 


tdietillate) 



PF (HBTU) 

1.2 

7 


steam bottomed - P F 

1,6 

,39 

PFB 

2.5 

e 


(HBTU) 



Organic bottomed - AFB 

6.7 

34 


Steam bottomed - P FB 

2.5 

41 

Steam bottomed ** AFB 

7.1 

42 


Steam bottomed - PF 

5.5 

40 

Supercritical 

AfB 

6.2 

1 


(LBTU eisifleil 
Organic bottomed - PF 

2,4 

46 

PFB 

2.0 

5 


(distillate) 



PF (LBTU gasifier) 

.4 

6 


Liquid-metal Ronkine toiling: 



PF (HBTU) 

.7 

9 


PF (LBTU Baaiflcr) 

5.9 

4 





PFB 

2.5 

1 

Liquld-metal Rankinc tigiplng; 






AFB 

11.9 

1 


Open-cyclc MHD: 



PF (LBTU gasifier) 

3.5 

4 


Direct coal fired 

3,1 

1 

PFB 

6.B 

9 


LBTU gasifier 

3.6 

1 

Open- cycle MHD: 




Closcd-cyclo MHD: 



Direct cool fired 

2.9 

1 


LBTX? gaslfior 

3.5 

1 

SRC fuel 

2.3 

24 


HBTU pis 

1.2 

4 

Cloacd-cycte MHD: 




Liqutd-metnl MHD (direct 

5.1 

16 

Direct coal fired 

5.5 

101 


coal fired) 



SRC fuel 

tt.7 

1 


Low*>tcmpeniture fuel celU: 



Liquld-metal MHD: 

7.1 

1 


Phosphoric acid (HBTU) 

2.5 

1 

AFB 


Alknline (tmTU) 

8.5 

1 

I’F (LBTU gasifier) 

1.0 

6 





iT (ItBTU) 

1.9 

9 


High-temperature fuel cells: 



PFB 

.3.0 

10 


Solid electrolyte (HBTU) 

4.6 

1 





Solid electrolyte (IBTU) 

5.7 

2 

Low-tempcrJture feel cells. 




Solid electrolyte (IBTU 

8.2 

19 

SPE (HBTU) 

6.6 

1 


gasifier)/steam 



SPE (11, p’txiuecd on site) 

3.3 

6 


MoUci) carbonate (HBTU) 

G.3 

1 

Phosphoric acid (linTU) 

7.4 

12 


Molten carbonate (IBTU)/ 

3.7 

4 

iUgh-temperature fuel cells 

5.4 

1 


steam 



(LBTU) 
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Fji)iire6. 1 1. Handy- Whitman index ol public utilities construction 
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Cost of electricity, mills/kW-hr 


OGTlorganlc 
(HBTU fuel I- 


OGTlsteam 
twater cooledk 


OGT/ A 
(HBTU/ ’ 
fuelH 


^Advanced steam 
' icoal fired) 


/\ twater cooieak T.\. 

-K \ .-HBTlf fuel r/n ] 

yU 


OGTlsteam / / SRC fuel-. 

(aircooled): ; / 

HBTU fuel 

COED fuel " 

SRC fuel 
IBTU fuel 

i 

OGTlsteam (water cooled; SRC fuel)^' 


-OGTlsteam 
(air cooled; 
LBTU integrated 


OGTlsteam 
(water cooled; 
LBTU integrated 


(a) General Electric results. 


(distillate fuel) 


-OGTIo'’ganic 
(distillate fuel) 


^Advanced steam 


tcoal liretil 


(HBTU fuel) 


OGTlsteam 


OGTlsteam N:H. (HBTU fuel) 


(distillate fuel)-^ 


OGTlsteam 
I LBTU integrated 
gasifteri 


Overall energy elficiency 
(b) Westinghouse results. 

Figure 6. 2-1. - Effect of overall energy efficiency on cost of electricity for simple and re- 
cuperated open-cycle gas turbine (OGT) systems, recuperated OGT systems vvitti organic 
bottoming (OGT (organic), combined-cycle systems (OGTlsteam), and advanced steam 












Figure ti.2-2. ■ ElfecI of overall energy efficiency on cost of electricity for closetl- 
cycle gas turtine ICGTi systems, CGT systems wllti organic bolloming ICGTI 
organicl, and CGT systems with steam bottoming iCGTIstearol. and advanced 
steam systems. 


343 


UVlR/steam 
(coal fired,' AFB) 



Figure 2-i - Effect of werall energy efficiency on cost of electricity for liquid-metal 
Rankine topping cycle ILMRl. liquid-metal Rankine on top of steam cycle IlMR/sleaml. 
and advanced steam systems. 
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Figure 6,2-4. - EHect ot ovefall energy ediclency on cost of eledrioity for HguB-metal MHD syslems (LMMHDt. Ilquld-melal MHD systems with steam'hottomlng iLniMHDfsIeamI, closed-cycle 
lnei'1-gas MHD syslems with steam bottoming IGCMHOIsteaml, closed-cycle Inert-gas MHD systems with aiparapel steam cycle IGCMHO-steamI, open-cycle MHD syslems with steam bot- 
toming lOCMHD/slearol, open-cycle MHD systems With gas-turtine bottoming lOCMHD rgas lurbinel. and advanced steam syslems. 



Goitof electrlclly. millsIkW-hr 



stwm iystems. 
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Figure 6.2-6. - Elfectol overall energy elflciencyonicosl of electricity - comparlson'ol systems. 
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General Electric results. 
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?0 .25 .30 .35 .40 ,45 


Pov*.«rplant eittciency 
ii)> VVesUni}1tcHise results. 

figure 6.2 8. • Etfectof powerplant efficiency on cost of electricity for closed cycle gas turbine ICGTI systems. CCT systems witti organic 
bottoming ICGT/orqanicl. and GOT systems ntth steam bottoming (CGTIsteaml. and ad>anced Steam systems. 
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Cost of electricity. mills/kW-hr 


• LMR /steam 
(coal fired 
(AfBt) 


UVtR (steam 
ILBTU integrated 



-LMR /steam 
(HBTU fuel) 


-LMR/sleam 
(coal fired 
(PFBU 


Advanced steam 



(a) General Electric results. 

LA/tR/steam 
(coal fired 
(PFBIH 

y-LMR /steam ILBTU 
/ integrated gasifier) 


*-Advanced steam 

I 

.35 , 40 .45 

PtMerplant efficiency 
(b) Weslinghouse results. 

Figure 6. 2-9. - Effect of powerplant efficiency on cost of electricity for liguid-metal 
Rankine topping cycle (LMR/steamt and advanced steam systems 
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